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Differential Critical Dimension and Overlay Metrology Apparatus and Measurement Method 
Technical Field 

The present invention relates generally to semiconductor manufacturing and, more 
particularly, to monitoring and control of lithographic and etch process conditions used in 
microelectronics manufacturing. 

Background Art 

During microelectronics manufacturing, a semiconductor wafer is processed through a 
series of tools that perform lithographic processing, followed by etch processing, to form 
features and devices in the substrate of the wafer. Such processing has a broad range of 
industrial applications, including the manufacture of senaiconductors, flat-panel displays, 
micromachines, and disk heads. 

The lithographic process allows for a mask or reticle pattern to be transferred via 
spatially modulated light (the aerial image) to a photoresist (hereinafter, also referred to 
interchangeably as resist) film on a substrate. Those segments of the absorbed aerial image, 
whose energy (so-called actinic energy) exceeds a threshold energy of chemical bonds in the 
photoactive component (PAC) of the photoresist material, create a latent image in the resist. 
In some resist systems the latent image is formed directly by the PAC; in others (so-called 
acid catalyzed photoresists), the photo-chemical interaction first generates acids which react 
with other photoresist components during a post-exposure bake to form the latent image. In 
either case, the latent image marks the volume of resist material that either is removed during 
the development process (in the case of positive photoresist) or remains after development (in 
the case of negative photoresist) to create a three-dimensional pattern in the resist film. In 
subsequent etch processing, the resulting resist film pattern is used to transfer the patterned 
openings in the resist to form an etched pattern in the underlying substrate. It is crucial to be 
able to monitor the fidelity of the patterns formed by both the photolithographic process and 
etch process, and then to control or adjust those processes to correct any deficiencies. Thus, 
the manufacturing process includes the use of a variety of metrology tools to measure and 
monitor the characteristics of the patterns formed on the wafer. The information gathered by 
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these metrology tools may be used to adjust both Uthographic and etch processing conditions 
to ensure that production specifications are met. 

Referring to FIG. 1, a typical lithographic and etch production manufacturing hne 10 
for manufacturing semiconductors is illustrated schematically. One or more semiconductor 
wafers 5 are processed in the manufacturing line 10 along the direction 100. A photocluster 
110 contains photolithography tools, including track tools 1 1 1 for depositing and baking 
resist on the wafer, imaging a pattern on the wafer plane (e.g. exposure tools 1 12), and 
post-exposure track tools 1 13 for baking and developing the exposed pattern on the resist 
film. After photolithography, various tools are used to measure characteristics of the pattems 
formed on the resist. For example, an overlay measurement tool (OLM) 120 is used to ensure 
that the pattems formed on the resist layer are sufficiently aligned to previously formed 
pattems on the wafer. A scanning electron microscope (SEM) 130 is typically used to 
measure the width of critical dimensions (CD) of pattern features. The measurements from 
the metrology tools 120, 130 may be communicated to the photocluster 1 10 and the 
etchcluster 140 (typically including an etch chamber 141), as indicated by the dataflow path 
135, to allow adjustments to the process conditions in accordance with those measurements. 

These measurements are assessed in a disposition step 125, where a decision must be 
made as to whether the wafer 5 must undergo a rework process 101 in which the resist is 
stripped from the wafer 5 and sent back to the photocluster 1 10 to reapply the resist pattern 
under modified lithographic conditions. If the resist pattern meets production specifications, 
the wafer 5 can continue to be processed by the etchcluster 140. These decisions are typically 
made based on a limited number of measurements for each wafer; for example, about 2-3 
overlay measurements at about 20 sites and only 1 CD measurement at 5-10 sites per wafer. 
This limited number of measurements is required to maintain a reasonable throughput 
processing rate of about 30 seconds per wafer or about 100 wafers per hour. 

If the wafer 5 meets overlay and CD measurement requirements, the wafer 5 proceeds 
to processing in the etchcluster 140 where the resist pattern is transferred to the wafer 
substrate. Once again, the resulting pattern on the substrate will undergo measurement by 
metrology tools such as an in-line SEM 130 or atomic force microscope (AFM) 150. 
Post-etch metrology data from metrology tools 130, 150 may be fed back to other tools in the 
line along data flow paths 135 so that adjustments to process conditions may be made. 

Periodically, more extensive off-line measurements 15 may be made using tools 
similar to those used in-line, such as an OLM 120, an SEM 130 and an AFM 150, and may 
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also include other tools such as a film thickness measurement tool (FTM) 160 and an 
electrical probe measurement tool (EPM) 170. 

It would be desirable to obtain even more measurements at more sites and on all 
wafers. Thus, referring to FIG. 2, a more desirable hypothetical wafer processing system 20 
may include tools such as an FTM 160 and an OLM 120 within the photocluster 110. Other 
metrology tools and methods may also be beneficial, such as scatterometry metrology (SCM) 
180 and noicroscopy (MCR) 185, which would provide information that is not typically 
provided today. Although such a hypothetical processing system 20 would have increased 
metrology capability over conventional systems, this increased capability would come at the 
expense of increased complexity and cost. 

In recent years, so-called "scatterometry" techniques have been developed that enable 
optical metrology of periodic stractures without the need for sophisticated hardware such as 
an SEM or AFM. The principle of scatterometry is that detailed information about small 
patterns can be extracted from the reflected or zero-order diffracted energy of grating-like 
patterns. Conventional SCM uses reflected energy from patterns on the wafer and compares 
the signal of the reflected energy to determine pattern characteristics. SCM has the advantage 
of relative speed and simplicity, but requires the development of extensive libraries of signals 
to which the reflected signal can be matched. Those libraries are costly and time-consuming 
to develop, and also require computer servers 190 and associated databases to perform the 
required comparisons. Scatterometry may be added as well as to off-line metrology systems 
25 to improve the quality and quantity of information and subsequent control of lithographic 
and etch processes. For example, Littau et al. (U.S. Patent 6,429,930) has described using 
scatterometry to determine the center of focus by measuring a diffraction signature and 
comparing it to a library of diffraction signatures at different incident angles, wavelengths 
and/or phases to determine the center of focus. However, scatterometry is computationally 
intensive, and requires server farms and databases containing signal libraries, thus increasing 
complexity and cost. Scatterometry requires the simultaneous determination of multiple free 
parameters pertaining to both the film stack and the target pattern. Its success depends on 
detailed a priori knowledge of the film stack and pattern characteristics that are often 
indeterminate. Since conventional scatterometry is not a differential measurement, its 
application to CD measurement is susceptible to noise: for example, measurement variation 
such as illumination, wavelength, detector response, target alignment; process variation such 
as film thicknesses and optical properties. Conventional scatterometry is also restricted to 
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detection of the zeroth diffracted order, which can be used to characterize film thickness, but 
has typically poor signal to noise ratio in distinguishing signal signatures due to the target CD 
frona those due to the film stack. The targets used with scatterometry must be large enough 
so that the illumination is contained within the target (i.e. the illunciination must be fully 
landed within the target area), which takes up more chip area than typical CD or overlay 
targets. In addition, scatterometry capability degrades as target features become more isolated 
(the ratio of target CD to the target period decreases). Since CD sensitivity to defocus 
increases with the degree of isolation, the ability to measure defocus, a critical lithographic 
processing parameter, requires the measurement of isolated features. 

It is desirable to control the photolithographic process conditions (e.g. exposure dose 
and defocus) to ensure the highest quality image. The principal determinant of the photoresist 
image is the surface on which the exposure energy equals the photoresist threshold energy in 
the resist film. "Exposure" and "focus" are the variables that control the shape of this surface. 
Exposure, set by the illumination time and intensity, determines the average energy of the 
aerial image per imit area. Local variations in exposure can be caused by variations in 
substrate reflectivity and topography. Focus, set by the position of the photoresist film 
relative to the focal plane of the imaging system, determines the decrease in modulation 
relative to the in-focus image. Local variations in focus can be caused by variations in 
substrate film thickness and topography. 

The use of microscopy (MCR) 185 can be used in conjunction with specially designed 
metrology targets to monitor dose and focus, as described further below. The lithographic 
patterning of wafers in semiconductor manufacturing depends on controlling the lithographic 
process to guarantee that the various pattern features stay within a common process window. 
This process window is the parameter space over which all pattem tolerances are met. Thus, 
accurate measurement and control is required of two fundamental parameters of lithography 
processing, specifically dose and focus (or defocus). Dose specifies the mean energy of the 
image, and defocus is the lowest order aberration that causes image degradation. Lithography 
control must be based on the predetermined response of measurable pattem attributes to dose 
and defocus. It would be desirable to control dose and focus in-line during the manufacturing 
process. 

One method of characterizing the response of patterns to dose and defocus is through 
the use of a focus exposure matrix (FEM). A grid or matrix of test patterns is formed in 
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which the grid elements are processed through a range of focus and dose settings, and pattern 
attributes within each grid element are measured to characterize the lithographic process. 

The measurement of pattem attributes is typically performed using either a scanning 
electron microscope (SEM) or an optical tool to form images of the patterned wafers (e.g. an 
FEM wafer). However, SEM metrology is expensive to implement, is relatively slow in 
operation and is difficult to automate. 

Methods for using microscopy for obtaining dose and focus have been described by 
Ausschnitt et al. (e.g. C. P. Ausschnitt, "Distinguishing dose from defocus for in-line 
lithography control," SPIE, Vol. 3677, pp. 140-147 (1999); Ausschnitt et al., U.S. Patent 
5,965,309; Ausschnitt et al., U.S. Patent 5,976,740). Ausschnitt et al. have disclosed 
dual-tone metrology targets (referred to as "schnitzls") for characterizing dose and focus. The 
"tone" of a lithographic pattem is determined by the presence or absence of resist material 
which is normally deposited in a layer or film on the surface of the substrate of a wafer to be 
etched. Patterns are either resist shapes on a clear background or the absence of resist shapes 
(i.e., spaces) in a background of resist material. Complementary tone patterns can be formed 
by interchanging the areas that are exposed during the lithographic process. These tone 
patterns may be created in resist material by preparing masks with opaque and transparent 
areas corresponding to the shapes or spaces to be created on the resist material, and then using 
a source of radiation on one side of the mask to illuminate and project the mask shapes and 
spaces on to the resist layer at the opposite side of the mask. The dual-tone metrology targets 
disclosed by Ausschnitt et al. have differential responses (for example, by taking advantage of 
differential bias and line shortening effects) to dose and focus that can be measured using 
microscopy systems. A further advantage is that the same microscopy system can be used to 
measure overlay as well as dose and focus. However, the roughly symmetric sensitivity of 
schnitzlometry to lithographic focus deviation leads to ambiguity regarding the sign of the 
focus deviation. In addition, this "schnitzlometry" method requires high quality microscopy 
and focusing capability in which a precise image of the schnitzelometry and overlay targets 
must be captured in order to obtain the required measurements. Precise, in-focus image 
capture adds to the time required for measurement and makes the measurement susceptible to 
process and environmental variations that might exist within photo- and etch-clusters. 

Conventional overlay metrology also depends on microscopy and is susceptible to 
similar lens quality, focusing and process variation issues. Li particular, the use of 
microscopy introduces error sources such as tool-induced shift (TIS), errors due to tool 
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calibration and optical alignment variation, and wafer-induced shift (WIS), errors due to 
process nonuniformities in both underlying layers and the overlay target itself. 

Accordingly, there is still a need for an inexpensive, rapid, in-line method and system 
of measuring and controlling the patterning of lithographic and etch processes; one that is 
primarily sensitive to the pattern dimensions, both on a single level and relative to a prior 
pattem level, and insensitive to the properties of the film or films in which the patterns are 
formed and the underlying film stack and substrate. 

Bearing in mind the problems and deficiencies of the prior art, it is therefore an object 
of the present invention to provide an integrated metrology system, including an in-line 
measurement and control tool, test pattems and evaluation methods for determining 
lithographic and etch process conditions as well as overlay error whereby one pattem group 
is capable of distinguishing between exposure, focus and etch problems and a second pattem 
group is capable of measuring two-dimensional overlay error in semiconductor pattem 
processing, and the measurement of both groups may be simultaneous. 

It is yet another object of the present invention to provide a method of evaluating 
lihtography parameters, such as focus and exposure, and etching parameters, such as rate and 
isotropy, which is easy and inexpensive to utilize. 

It is yet another object of the present invention to provide a single apparatus capable 
of determining critical dimension, profile attributes (e.g., sidewall angle, thickness loss) , 
exposure and focus conditions, overlay error, and film thickness characteristics. 

It is yet another object of the present invention to provide a means of determining 
corrections to the lithography and etch process parameters to sustain optimum patterning 
performance. 

Still other objects and advantages of the invention will in part be obvious and will in 
part be apparent from the specification. 

Disclosure of Invention 

The above and other objects and advantages, which will be apparent to one of skill in 
the art, are achieved in the present invention, which is directed to, in a first aspect, a method 
for measuring a dimension on a substrate, including providing a nominal pattem comprising 
an array of features having a primary pitch of period P in a primary direction, wherein the 
nominal pattem is characterized by a nominal characteristic dimension that repeats at the 
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period P along the primary direction (e.g., the x-direction), and the nominal characteristic 
dimension has a pre-determined variation along a direction orthogonal to said primary 
direction (e.g., the y-direction). The nominal pattern is used to form a target pattern on the 
substrate corresponding to the nominal pattern, such that the target pattern has a substrate 
characteristic dimension corresponding to the nominal characteristic dimension. The 
characteristic dimension of the pattern is not necessarily the dimension of interest to be 
measured. The target pattern formed on the substrate is then illuminated with radiation 
characterized by at least one wavelength, so as to produce diffracted orders. A relationship 
between a dimension of interest (i.e., the dimension to be measured) and a detected variation 
of one or more non~zeroth diffracted orders along said orthogonal direction, in response to a 
deviation of the substrate characteristic dimension relative to the nominal characteristic 
dimension, is provided. The corresponding variation of the one or more non-zeroth diffracted 
orders along the orthogonal direction (e.g. the y-direction) is detected and the dimension of 
interest is then determined in accordance with the provided relationship, based on the 
detected variation of said one or more non-zeroth diffracted orders. In the case where 
multi-wavelength or broadband illumination is used, the variation of the one or more 
non-zeroth diffracted orders in the parallel direction (e.g. the x-direction) is detected to 
determine the spectral response of the diffracted intensity to changes in the target dimensions 
and profile characteristics. 

Preferably, variations in intensities of the first non-zero diffracted order is collected, 
although the invention contemplates that any, or multiple, detectable non-zero diffracted 
order may be used. Through the use of muli-wavelength or broadband illumination, the 
method allows for the measurement and control of pattern profile characteristics as well as 
dose and defocus. 

The method is adaptable for the measurement of critical dimension (CD). Through the 
use of dual-tone target patterns designed according to the invention, the method allows for 
measurement and control of Hthographic parameters, such as dose and defocus. 

The method is also adaptable for overlay measurements. In the case of overlay 
measurements, variations in intensity and phase of one or more non-zeroth difracted orders is 
used. 

In another aspect, the invention is directed to an apparatus for performing metrology 
measurements comprising a source of radiation for illuminating a target pattern, a detector for 
detecting the variation of one or more non-zero diffracted orders, means for securing a 
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substrate, means for positioning the source, the substrate and the detector so that the source 
illuminates the target pattern, and so that the detector detects the variation of one or more 
non-zero orders of said radiation diffracted from the target pattem. 

The apparatus of the present invention may be further configured with a second detector 
for detecting the zeroth order of the radiation diffracted from the target pattem, including 
means for positioning the second detector relative to the source and the substrate so that the 
second detector detects the zeroth order, and means for determining a second dimension of 
interest based on the detected zeroth order. For example, film thickness may be determined 
by detecting the zeroth order reflected from unpattemed regions of the substrated or 
unpattemed areas of the target. 

The present invention is directed, in yet another aspect, to an apparatus for differential 
metrology that is configured for in-line operation (e.g. on a production track or etch tool) 
during senciiconductor manufacturing semiconductor of, for example, integrated circuits. The 
apparatus includes means for determining a deviation in process conditions (e.g. dose and 
defocus, or etch rate and isotropy) from nominal process conditions based on the variation of 
the one or more non-zeroth diffracted orders, and means for providing adjustments in 
subsequent process conditions in response to the determined deviation in process conditions. 

Brief Description of Drawings 

The present invention, which provides a method for Critical Dimension (CD), overlay 
and film-thickness metrology and lithographic process control, will now be described in more 
detail by referring to the drawings that accompany the present application. It is noted that in 
the accompanying drawings like reference numerals are used for describing like and 
corresponding elements thereof. The drawings are not necessarily drawn to scale. 

FIG. 1 depicts the typical components of a semiconductor patterning system 
consisting of lithography, etch and various metrology tools. 

FIG. 2 illustrates a semiconductor patterning system having increased complexity 
resulting from the use of scatterometry (SCM) tools. 

FIG. 3 shows a semiconductor patteming system resulting from the use of the 
inventive integrated metrology (IM) apparatus. 
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FIGs. 4A and 4B illustrate, respectively, orthogonal side views of an embodiment of 
the inventive apparatus. 

FIG. 4C illustrates a more detailed view of the apparatus view in FIG. 4A. 

FIG. 4D illustrates a more detailed view of the apparatus view in FIG. 4B. 

FIG. 5A shows a schematic of the two-dimensional reflectivity of a grating target. 

FIG. 5B illustrates the resulting first order intensity as a function of the width of the 
grating elements of FIG. 5 A. 

FIG. 6 is a top-down view of a grating target consisting of tapered grating elements. 

FIGs. 7A-7F illustrate the image of the first order diffracted intensity of the tapered 
grating target on the CCD array of the apparatus of FIG. 4, where FIG. 7A illustrates the 
image, FIG. 7B illustrates the intensity summed in the direction parallel to the target period, 
and FIG. 7C illustrates the intensity summed in the direction perpendicular to the target 
period for monochromatic illumination. FIGs. 7C-7F are the corresponding figures 
illustrating the case of multi- wavelength illumination. 

FIG. 8 illustrates a grating target divided into two regions in which the grating 
elements have opposite taper but a common period. 

FIG. 9A illustrates a grating target divided into four regions in which the oppositely 
tapered grating elements in each pair of regions have opposite tone but a common period. 

FIGs. 9B and 9C illustrate details of the taper and tone reversal, respectively. 

FIGs. 1 OA- IOC illustrates the physical target corresponding to the simulated results. 
FIG. IDA is the top view, FIGs. lOB-C are the crossectional views of the substrate and target. 

FIGs. 1 lA-1 ID shows the simulated contours of the space and shape ends that 
delineate the target of FIGs. lOA-lOC. 

FIG. 12 shows the simulated, wavelength-averaged intensity distribution in the 
direction perpendicular to the target period. 

FIGs. 13A-13B show the simulated dose and focus response of the target in FIG. 9. 

FIGs. 14A-14B show the simulated response of the zero- and first-order diffraction 
efficiency as a function of wavelength and oxide thickness. 

FIGs. 15A-15B show the simulated response of the zero- and first-order diffraction 
efficiency as a function of wavelength and exposure dose. 

FIGs. 16A-16B show the simulated response of the first-order diffraction efficiency as 
a function of wavelength and focus at two different designed grating element widths. 
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FIG. 17 illustrates a grating target divided into two regions in which the grating 
elements have different widths but a conamon period. 

FIG. 18 illustrates the image of the first order diffiracted intensity of the two grating 
regions. 

FIG. 19 is a plot of the first order diffracted intensities of two gratings whose widths 
differ by 30% of their average width. 

FIG. 20 is a plot showing that the width calculated from the solution to Equations 
(20a)-(20b) is identical to the nominal width. 

FIG. 21 plots the square of the measurable contrast as a function of the nominal width 
for different values of the fractional deviation |3 of the two widths from nominal. 

FIGs. 22A-22B plot the sensitivity of width to the measurable contrast over the full 
range of nominal width (22A) and over the range of greatest interest (22B). 

FIG. 23 illustrates a dual-tone linewidth target consisting of four regions, two 
containing isolated line shapes of different widths and two containing isolated line spaces of 
different widths. 

FIG. 24 plots the simulated response of the target in FIG. 23 to dose and focus. 

FIG. 25 illustrates a dual-tone line-length target consisting of four regions, two in 
which the isolated line shapes are defined by the ends of periodic orthogonal line spaces of 
different lengths and the other two defined by the ends of periodic orthogonal line shapes of 
different lengths. 

FIG. 26 illustrates a target that separately enhances the response to both dose and 
focus. The dose target uses sub-resolution assist features on the mask to enhance dose 
sensitivity and suppress focus sensitivity on the substrate. The focus target uses tapered line 
ends to enhance the focus sensitivity of line-end shortening. 

FIG. 27 are plots of the dose and focus response for dose and focus target of FIG. 26. 

FIG. 28 shows a differential grating target layout comprised of dense contact holes. 

FIG. 29 shows a differential grating target layout comprised of dense parallel lines 
oriented perpendicular to the grating period. 

FIG. 30 shows a target comprised of multiple targets of the type shown in FIG. 17 at 
different periods. 

FIG. 31 illustrates the optical rays in the inventive apparatus for the target shown in 
FIG. 30. 
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FIG. 32 shows the detected intensity distribution corresponding to the target and 
apparatus of FIGs. 30 and 31, respectively. 

FIG. 33 shows the zero order detected intensity for the target layout of FIG. 17. 

FIG. 34 are the apparatus configurations for imaging both positive and negative first 
order diffraction, 

FIG. 35 shows a schematic of the two-dimensional reflectivity of the two-level grating 
target suitable for overlay metrology and plots of the resulting first order intensity dependence 
on the relative position of the grating elements for various conditions of the relative 
amplitude y and phase ^. 

FIG. 36 is a two-level grating target consisting of oppositely tilted grating elements. 

FIGs. 37A-37D illustrate representative monochromatic images of the positive and 
negative first order diffracted intensities of the two-level tilted grating target on the detector 
array of the inventive apparatus. 

FIGs. 38A-38D illustrate representative multi-wavelength images of the positive and 
negative first order diffracted intensities of the two-level tilted grating target on the detector 
array of the inventive apparatus. 

FIG. 39 illustrates a two-level "hourglass" target comprised of a pair of oppositely 
tilted grating targets. 

FIG. 40 illustrates a two-level grating target divided into three regions in which the 
grating elements at B process level have different positions relative to the grating elements at 
an A process level. 

FIGs. 41A-41B illustrates the image of the positive and negative first order diffracted 
intensities of the three grating regions corresponding to the target of FIG. 40. 

FIGs. 42A-42C plot the positive and negative first order diffracted intensities of the 
three regions as a function of the overlay error under various relative reflectivity phase 
conditions between the two levels when A = 7^. 

FIG. 43 is the flowchart that determines the transformations of y/ in the case when 
^ = (0, 7c) and the n = ±lorders are identical. 

FIG. 44 is the flowchart that determines the transformation of the positive diffracted 
order ^"^in the case when AC ^ 0. 

FIG. 45 is the flowchart that determines the transformation of the negative diffracted 
order ^"in the case when AC ^ 0. 
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FIG. 46A plots the calculated overlay response ec to any input value of overlay error 
8in for all allowed values of yand ^ to show that Sc = e/n over the allowed dynamic range. 

FIG. 46B plots the sensitivity of overlay error 8x to changes in the measurable 
components /c, fj of the calculated Sc^ 

FIGs. 47A-47B illustrate an apparatus enabling rapid sequential measurement of 
positive and negative first order diffraction intensity using a coiiunon source and detector. 

FIG. 48 illustrates a combined CD, overlay and film-thickness target for measuring, x 
and y oriented CDs, x and y overlay error among two pairs of levels, and film-thickness in the 
unpattemed areas. 

FIGs. 49A-49D illustrate the sequential detected positive and negative first order 
intensities of the target shown in FIG. 48, the constant detected zero-order intensity, and the 
target image used for pattem recognition and alignment. 

FIG. 51 is a detailed view of the geometric relationships that must be maintained 
between the incident and reflected beams of the apparatus to ensure the simultaneous 
detectability of both zero order and a non-zero order diffracted energy as the center 
wavelength is changed. 

FIG. 52 flowcharts the inventive target design process. 

FIG. 53 flowcharts the measurement modes of measurement possible with the 
inventive apparatus. 

FIG. 54 flowcharts a zero-order measurement analyis when using the inventive 
apparatus. 

FIGs. 55A-55B flowchart the inventive data analysis for CD, dose, focus and overlay 
determination based on the inventive measurement method and apparatus. 
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Best Mode of Carrying Out The Invention: 
Differential CD 

Referring to FIG. 3, in accordance with ttie present invention, a single, integrated, 
optical metrology (IM) tool 200 is described that may be used to perform sequential or 
simultaneous measurements of CD, overlay and film thickness. The IM tool 200 of the 
present invention may be deployed within an in-line processing system 30, in which the IM 
tool 200 obviates the need for an SEM tool 130, an OLM tool 120, an FTM tool 160 or an 
SCM tool 180 (see, e.g. FIG. 1 or 2). The IM tool 200 may be configured to be integrated 
into a lithgraphic processing tool or an etch processing tool, thus enabling metrology during 
in-line processing. The novel differential targets and measurement methods used by the IM 
tool 200 provide in-situ CD and overlay calibration at each measurement site. The IM tool 
200 used in conjunction with appropriate metrology targets, to be described in more detail 
below, can obtain measurements on many more wafer sites on all wafers quickly and reliably, 
without increasing cost and complexity, and will maintain or increase the throughput of 
wafers as compai'ed to conventional metrology methods. For example, it would be desirable 
to perform at least fifty measurements on each wafer, but maintain wafer throughput of at 
least 100 wafers per hour. This translates to move, align and measurement (MAM) times of 
approximately 0.5 sec at 50 measurements per wafer. Current MAM times are in the range 
of 3-5 seconds per wafer site. The IM tool 200 may also be deployed in an off-line system 
35, in place of an FTM tool, an SEM tool, an OLM tool or an SCM tool, thus reducing 
overall cost and complexity. 

In accordance with the invention, an integrated metrology (IM) system, including a 
method, an apparatus and target structure is described for performing optical measurements of 
CD, dose and defocus, and overlay. The same apparatus may be used for all of these 
measurements, with appropriately designed target structures and methods. The inventive IM 
apparatus and system may also be adapted to obtain other measurements, such as film 
thickness and pattern profiles, using conventional methods that use reflected or scattered 
energy (e.g. conventional reflectometry, ellipsometry or scatterometry). The inventive IM 
system is suitable for use during in-line wafer processing within the photocluster and within 
the etch cluster, or for off-line wafer processing. Since the inventive system is configured to 
detect distinct orders diffracted from a designed target metrology structure on the wafer, for 
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convenience, the inventive metrology method and system, including associated target 
structures, is hereinafter referred to as "diffractometry." Reference is made to the drawings to 
illustrate the method according to the present invention, which are not necessarily drawn to 
scale. 

One embodiment of a diffractrometry system 40 in accordance with the present 
invention is illustrated schematically in FIGs. 4A-4D. An illunMnation source 410 is 
provided, which is preferrably a multi-wavelength source, such as a set of light emitting 
diodes (LEDs) or lasers, or finite-band source, such as a Xenon lamp, which is projected 
through illumination optics 413 (which may include a demagnifying objective and a 
collimating objective, not shown) onto a target 455 formed on a wafer 450. In FIG. 4A, the 
wafer 450 is located on horizontal plane having x- and y-directions (where the y-axis is 
pointing in and out of the plane of FIG. 4A), and the axis orthogonal to the plane of the wafer 
is the vertical z-direction. The wafer 450 may include a substrate 451 and a film stack 452 
which may be include at least one, and typically several layers, including, for example, a layer 
of photoresist (or resist) material. A polarizer 414 is optionally provided which can be set to 
optimize the diffraction efficiency of the diffracted orders and/or the reflectivity of the wafer 
450 in the absence of a target 455. In particular, transverse magnetic (TM) field polarization 
will enhance the first-order diffraction efficiency from grating targets 455. A color filter 412 
is optionally provided which tailors the bandwidth around the primary illumination 
wavelength Aq so that the illumination energy ranges through at least one band of 
wavelengths ±AX wide enough to ensure sufficient contrast in the signal reflected off a 
patterned target 455 that is distinguishable from the signal reflected from an unpattemed 
region 475 of the surface of the wafer 450. For targets formed in resist, the illunndnation 
bandwidth Xo + Al must fall outside the range of actinic energy so that the resist is not 
subjected to additional modification. The illumination energy is preferably not purely 
monochromatic because monochromatic illumination could be extinguished by internal 
reflection in a layer of a given thickness in the film stack 452. Thus, the filter 412 provides at 
least one band of energy having wavelengths in a bandwidth of Xq ± Al, where Ao is chosen 
so that non-zero diffracted orders of the target 455, having a primary pitch P, as discussed in 
more detail below, will be collected by a collection optics or objective lens 430. In the x-z 
plane illustrated in FIG. 4A, the collection optics 430 projects the wavelength dispersed 
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non-zero diffracted order onto the detector array 460 at normal incidence. In the y-z plane 
illustrated in FIG. 4B, the collection optics 430 images the y-dimension of the target 455 onto 
the detector array 460. The plane of the detector is described by the coordinates (x^ y') to 
distinguish it from the plane of the substrate described by coordinates ipc.y). An image 
processor 490 may be provided to analyze the signal(s) detected by the detector array 460, 
and determine the dimension of interest. The analysis methodology used in the image 
processor 490 depends on the dimension to be measured, as described in more detail below. 

In the example of a inventive diffractometry apparatus 40 illustrated in FIGs. 4A-4D, 
configured to image an inventive diffractometry target 455, having a primary period P (or 
equivalently, pitch P) of repeating elements 601 oriented along the x-direction and chosen so 
that P> X, For example, consider a target 455 according to the invention that is comprised of 
one or more subregions 600, wherein each subregion 600 is comprised of elements 601 that 
repeat at period P along the x-direction (as illustrated in FIG. 4A), and have dimension H 
along the y-direction, as illustrated in FIG. 4B. Such a target would be suitable for measuring 
CD. Similar principles for arranging and configuring the diffractometry apparatus 40 would 
also apply for imaging an overlay target according to the invention. In a preferred 
embodiment, the apparatus 40 is configured so that the illumination is directed along the 
x-direction (i.e., the direction of the primary period P) and is incident on the target 455 at an 
angle 

^ = arcsin(nAo/P) (1) 

relative to the z-axis along which the detector 460 is located. Note that the condition P > nXo 
must be met to allow the illumination angle 0 to have a real value between 0° and 90°. The 
zero order ray 440 will be reflected at an angle -0 relative to the z-axis, and the nth diffracted 
order rays 441 will be substantially parallel to the z-direction. 

Provided the condition of Equation (1) is met, the nth diffracted order 441 will be 
diffracted over an angular distribution roughly symmetric about the z-axis in the x-direction 
governed by: 
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The imaging objective 430 is configured to capture the nth diffracted order 441 
without interfering with the incident and reflected ray 440, and project an image of the nth 
diffracted order on a detector array 460. The detector array 460 may be a charge coupled 
device (CCD) as known in the art, or other similar array. The illumination energy bandwidth 
Xo±AXy and the primary period P of the target 455 are chosen so that the nth diffracted order 
441 can be distinguished from other diffracted orders without overlap in the direction of 
primary periodicity (i.e. along the jc'-direction) at the detector array 460. If P =1000nm, for 
example, broadband illumination in the range >lo ± = 500 ± 200nm incident at 6 = 30 deg 
has first order diffraction angles in the range ±A6 = ±13.3 deg. 

The collection lens 430 is designed to image the y-dimension of the target 455 onto 
the detector array 460 at a magnification M. Thus the diffracted energy on the detector 460 
spans a yZ-dimension that is always a multiple M of the target subregion 600 y-dimension H. 
In the x-direction, the target 455 is comprised of iV elements 601 spaced at a period P. For 
plane-wave monochromatic illumination, the non-zero order diffracted energy projected onto 
the detector array 460 spans an jc'-dimension L/Wo) determined by the divergence of the 
diffracted beam at the surface of the collection lens 430. The angular width of the principal 
fringe of the diffracted beam co shown in FIG. 4C, is given by: 

The period P and number N of elements 601 making up the target 455 should provide 
sufficient angular dispersion at the illumination wavelength A so that the first diffractive order 
can be distinguished from other diffracted orders. For example, about 10 elements 601 at a 
pitch P of about ljum along the x-direction would provide a sufficiently small angular 
dispersion of about ±2 degrees. Thus, the total dimension along the x-direction of a preferred 
embodiment of the target 455 is on the order of lOjum, For iV= 10 , P= Ijum , = SOOnm, 
0 = 30 deg. Equation (3) gives co c=i 3.3^. At the lens surface the beam spread is zo tan(a)), 
where zo is distance of the collection lens from the substrate. The intensity of the non-zero 
diffracted order may vary along the ;c'-dimension of the detector, for example, as indicated by 
the plot 491 of first order intensity Ii (x^). The span of diffracted energy at the detector array 

- 16- 



wo 2005/069082 



PCT/US2003/041438 



460 will have a length Li that depends on the bandwidth of the illumination, as illustrated in 
FIG. 4C. For monochromatic illumination of wavelength /lo, and for zo = 10mm, therefore, 
the jc' -direction span of the diffracted energy on the detector array would be Li(Xq) 600//m. 
For multi-wavelength or broadband illumination in the range Zo ± A^, the propagation 
divergence is convolved with the x-direction wavelength dispersion to further spread the 
projected energy in the x-direction. In the case of broadband illumination, this results in a 
continuous distribution of the projected energy over the angle ±A9 in the x-direction. For the 
case considered above where AO = 13.3 deg, the total spread of the detected energy in the xf 
-direction is Lj{Xo ± AA) « 5mm. In the case of discrete multi- wavelength illumination, this 
results in multiple beams that may or may not overlap depending on the wavelength angular 
dispersion relative to the divergence angle. 

To achieve the projection characteristics described, the numerical apertures NAx,y of 
the collection optics 430 must satisfy the criteria NAx > sin AO and NAy > 0,7/1//?. The first 
criterion ensures that the collection optics 430 captures the diffracted rays 441 within the 
divergence angle ±A9 in the x-direction. The second criterion ensures that the collection 
optics 430 resolves the minimum y-dimension H of the target 455. An inventive CD 
metrology target 455 is designed to include one or more finite grating "sub-patterns" or 
subregions 600 of N elements 601 spaced at a primary period (pitch) P having at least one 
designed nominal width Wo. The overall dimension of a finite grating sub-pattem 600 
typically has a rectangular shape, that can be characterized by an overall minimum 
sub-pattem height H and sub-pattem length L. The NAx of the detection objective 430 must 
encompass the full angular dispersion ±A^ of the broadband illumination in the x-direction 
without interfering with the incident and reflected ray 440. In the case considered above, 
where A0 = 13.3 deg , 0.23 < NAx < 0.5 is required. There is a direct tradeoff between NAy 
and target size. At 1 = lOOnm and H = 2.5jum, NAy > 0. 1 is required. To maximize depth of 
focus, it is preferable to operate at the lower end of the allowed NAx,y ranges with the 
diffracted rays nearly normal to the substrate as shown in FIGs. 4A-4C. Typical CCD arrays 
have a physical pixel (i.e., detector element) size of about lOfim. For H=^5jum, the imaging 
objective 430 magnification M must be at least 80 to span 40 pixels in the y/-direction on the 
detector array 460. For the broadband case considered earlier, therefore, the projection of the 
first diffracted order spans an (x^y') region L/ x MH « 5.0mm x 0.4mm. If there are more 
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than one subregions 600, separated by a pitch Go, then the span of the projected images 492 
will be increased by MGo> For example, the span along the >?'-direction will be Af x (Go + H) 
for the case of two subregions 600, as illustrated in FIG. 4D. 

The diffractometry system 40 shown in FIG. 4A also allows the separate detection of 
the zero order or reflected ray 440. If the zero order ray 440 is passed through a wavelength 
dispersive optical element 435 and the angularly dispersed rays 445 (shown as the non-zero 
diffracted order of a transmission grating 435 in HG. 4A) are collected by a collection optic 
436 prior to detection at a detector 480 (such as a CCD array), then the diffractometry system 
40 could also be used for conventional spectroscopic reflectometry or ellipsometry to measure 
film thickness as well as conventional spectroscopic scatterometry to measure the CD of 
nested P<1 structures. In a manner similar to the collection optic 430, the collection optic 
436 can be designed to project the rays dispersed in the x-direction at normal incidence onto 
the detector 480, as shown in FIG. 4A, while imaging the target dimension in the y-direction, 
comprising one or more subregions 600 of dimension H along the y-direction. 

The design of target 455, in accordance with the present invention, will depend on the 
characteristic to be determined, e.g., whether CD (including profile attributes), or overlay. 
Specific target designs can enhance the response of the measured CD and overlay attributes to 
process parameters, such as dose and focus, to facilitate feedback and feedforward corrections 
to these parameters during the various patterning process steps, that is, in real time during 
processing on the track. The measurement of film thickness could be performed using the 
diffractometry system 40 on the film stack 452 absent a target pattern, by capturing the zeroth 
diffracted order (reflected ray) 440. Furthermore, multiple targets can be grouped within the 
illuminated area of the substrate to enable the simultaneous determination of CD, overlay and 
film thickness as described below. 

For the purpose of measuring CD, the target 455 is designed, in accordance with the 
present invention, to have differential response to processing conditions, such as lithographic 
dose and defocus and etch rate and isotropy, during formation on the wafer, as discussed in 
more detail below. The design principles for the inventive CD targets can be better 
understood by reference to FIGs. 5 A and 5B. 

An idealized grating 50 is illustrated in FIG. 5A, wherein the grating having periodic 
array of lines 5 1 having linewidth W and spaces 53 having spacing width 5 = P — W, in which 
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the grating is characterized by a period P in the direction of the horizontal axis x. The 
vertical axis 57 in ¥IG, 5 A illustrates the relative complex reflectivity amplitude. If the 
reflectivity of a line 51 (e.g. a resist line) is jRl and the reflectivity of the exposed substrate in 
the space 53 is Rs, then the relative reflectivity is Ris = Rl -Rs* The relative reflectivity is a 
function of the illumination wavelength and angle of incidence. For the sake of simplicity, 
we assume the transition between the two reflectivity regimes is abrupt, equivalent to the 
assumption of vertical sidewalls on the grating elements. The presence of non- vertical 
sidewalls complicates the analysis by adding a transition region of variable reflectivity 
between Rl and Rs, but does not fundamentally alter the result regarding the determination 
of the average W; i.e., the CD averaged over the height of the sidewalls of the grating 
element, hiclusion of non-vertical sidewall effects enables the determination of profile 
attributes as well as the average W. The spatial variation of the reflectivity amplitude a(x,y) 
over the surface of a finite grating having a period P consisting of N elements (e.g. lines) of 
length (or height) H (wherein H is oriented parallel to the y-axis) illuminated by an amplitude 
Ao, that also may be a function of wavelength, is described by the following equation: 



In the scalar diffraction theory approximation valid for P>X, the far-field amplitude A„ of 
order n at each wavelength is given by the Fourier transform of Equation (4): 



where (u, v) are the far-field coordinates at a distance z from the grating defined by (u ^ x/Xz, 



a(x, y) = Ao{/?^ +/?z^[rect(^) rect(^) O comb(|r)] rect(^) } 



(4) 



An(u, v) =Ao{RsS(u, v) ^RisHWNP sinciHv} sinc(Wu) 2 sinc[iVp(M - ^)] } (5) 



V s y/Xz), For n :?e= o , the diffracted order intensities /„ = \An\^ are given by: 




(6) 
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Equation (6) is separable into wavelength X dependent and target element width W 

dependent terms. In the direction (^m = p", v = 0^ the intensity in the plane of the detector 460 
of FIGs. 4A-4D is dispersed in wavelength in the x'-direction according to Equation (1) and 

imaged at a magnification M in the y-direction. 



/„a W) = [^^f^\R^iX)\'{l -cos(^} (7). 

The wavelength and linewidth dependent components of Equation (7) are separable. 
Li the (x',y') plane of the detector, the -direction intensity distribution /nC^') is obtained by 
integrating over W: 



(8). 



The distribution of intensity in the x'-direction provides a direct measure of the relative 
reflectivity magnitude \Ris\.Xhc' ) } I . On the other hand, the y-direction intensity distribution 
Tn{y'^ is obtained by integrating over X\ 



J \RLs{X)\''dX 















^ 1 - COS 


F 











(9). 



The distribution of intensity in the y^-direction is a function of Furthermore, we can define 
diffraction efficiencies DEn, the fraction of illumination energy diffracted into a particular 
order, as: 



(10) 



f \RM)\''dl 
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FIG. 5B illustrates plots of the diffraction efficiency W) 56, 57, 58 of the n=0,l 

W 

and 2 diffracted orders, respectively, as a function of normalized line width vi; = -p- as given 
by Equation (11) in the case where we assume the relative reflectivity Risi^) = 1 . The plots 
56, 57, 58 show that when the normalized line width w = 0.5 (when the amount of pattemed 
area is 50% of the total grating area, the grating is referred to as a 50% duty cycle grating), the 
1st diffracted order 57 is at peak intensity and the 2nd diffracted order 58 is at a null. 

FIG. 6 illustrates one embodiment of a diffractometry target design 60 suitable for 
use with the diffractometry system 40 (see FIGs. 4A-4D) in accordance with the present 
invention, useful for measuring critical dimension (CD). The CD target 60 includes one 
sub-pattem region of iV (wedge shaped) elements 601 spaced at period P (here, the period P 
is measured along the x-direction, which is the direction of primary periodicity of the target 
pattern) measured between the center axis 650 of a grating element 601, which has a length H 
that is substantially orthogonal (i.e. along the y-direction) to the direction of target periodicity 
(i.e. the x-direction). The designed width Wd of each element 601 preferably varies linearly 
along the y-direction over the dimension H: 

Wd(y) = (y - yo) tan C + y (12) 

yi+y2 

where C is the taper angle of the elements with respect to the y-axis, and yo = — 2 — ^® 
midpoint of the dimension H where Wdiyo) = Over the range of printing linearity in the 
vicinity of yo, the printed width W(y) is, in turn, determined by: 

W(y) = (y-yrn)tmC + ^ (13) 

where y,„ is the measurable location of the maximum or minimum of a non-zero diffracted 
order. 

The image of first order diffraction detected at the detector array 460 for the tapered 
grating CD target 60 of FIG. 6 is illustrated in HGs. 7A-7F. The imaging lens 430 of the 

inventive diffractometry system 40 is assumed to have a magnification M in the range 
necessary to resolve the x, y intensity variation, typically 50-100. FIG. 7 A illustrates the 
image intensity /i (;c' , yO in a region of detection 710 plotted on a plan view of the detector 
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array 460 for the case of monochromatic illumination. FIG. 7B plots the intensity Ii (yO of 
FIG. 7 A integrated or summed along the detectors in the x'-direction. FIG. 7C plots the 
intensity 790 of FIG. 7A integrated or summed along the detectors in the y-direction 

for ihe case of monochromatic illumination, which spans a width Li(Xo) determined by the 
divergence co of the optics 430 (see Equation (3) above). For the case of broadband 
illumination in the range Xo ± the intensity Ii(xO 795 summed or integrated along the y 
-direction, spans a length L/Wo ± A2) determined by the angular dispersion A9 as discussed 
above (see Equation (2)). FIG. 7D illustrates the image intensities /i (x' , y ' ) 78 1 , 782, 783 
plotted on a plan view of the detector array 460 in the region of detection 710 for the case of 
multiple, discrete wavelength illumination at three wavelengths Xi.Xo^Xz, respectively, whose 
first order images are spatially separated on the detector array 460. FIG. 7E plots the 
intensity I\ (y' ) of FIG. 7D integrated or summed along the detectors in the ;c^-direction. The 
locations of the peaks or nulls of the intensity distributions 781, 782, 783 are the same for a 
given diffracted order as a function of wavelength, although the magnitude of the intensity 
may vary. FIG. 7F plots the intensity /i(;c') 791, 792, 793 of intensity distributions hixf.yO 
781, 782, 783, respectively, for the case of multiple discrete wavelength illumination in HG. 
7D, integrated or summed along the detectors in the y/-direction. An example of the intensity 
Ii(xO 795 integrated or summed along the -direction for broadband illumination in the 
range Xq ± M is also plotted in FIG. 7F. Since diffraction only occurs within the patterned 
area of the target, the detected intensity /i (x' , y ' ) is zero outside the roughly Hj x L/ detection 
region 710, which has an image height Hi that is MH, and an image length L/. 

Depending upon the non-zero diffracted order being detected, the condition 
W(y) = P/2 corresponds to either a peak (odd orders) or a null (even orders) in the detected 
intensity; consequently, variations in W(y') from the designed nominal values will cause 
shifts in the peak or null locations relative to the fixed Hj perimeter. In the case of first order 
diffraction, the measured value of the printed dimension Wiy'o) at the center of each target 
element 601 is given by the measured peak location y,'„ relative to the measured image center 



yi+y2 

2 



. Substituting yo in Equation (13), W(yo) (i.e. the CD), can be obtained: 



''o-y;,)tanC + -f (14) 
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The measured peak location can be determined precisely by using the known form of the 
measured intensity Iniy) from Equation (9) and substituting the expression for W(y) from 
Equation (13): 

In(y :aoM = aoU-cos\ n (15) 

AH of the parameters in Equation (15) are known except ao and . Thus, the location of the 
intensity maximum or minimum y'^ may be determined by any suitable curve fitting method, 
such as least squares fit of Equation (15) to the measured intensity Iniy' ) using only ao and 

as free parameters. Having determined yj„ and the image center y^, the printed width 
Wiyo) of the target elements 601 at the nciidpoint of H is determined by Equation (14). 

Another embodiment of target design 80 is shown in FIG. 8, which uses two 
counter-tapered subregions. Regions 1 and 2, each comprising elements 801, 802, repeating 
at period P in the x-direction, respectively, which can be arranged to resemble either 
hourglass-shaped grating elements 800 as shown, or barrel-shaped grating elements (not 
shown). The elements 801 of Region 1 are separated from the elements 802 of Region 2 by a 
pitch Go = yoi — yo2, where yoi and yo2 are the designed center locations of elements 801 and 
802, respectively. This enables measurement of the two peak intensity locations relative to 
each other, thereby doubling the measurement sensitivity. It has the further advantage that, 
because a known pitch dimension Go = yoi - yo2 , which is invariant with process conditions, 
is incorporated into the target design, the location of the image centers y^i and yQ2 need not 
be measured. Measurement of the distance between the two first order maxima 

Q „ ^^^^ " (recall that y'im^y2m ^® determined by curve fitting of Equation 15) 
enables the determination of the target element width at the image centers 

W(yo) = W(yoi) = W(yo2) by: 

W(yo) = 1^ 2 J (1^) 

The CD, or W(yo), is determined by the known target dimensions Go,C» the known 
magnification M of the imaging lens, and the measured dimension G. 
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The target designs of FIGs. 6 and 8 apply to cases where the CD of interest is close to 
jP/2. For the condition P>A necessary to enable optical measurement, this sets a lower limit 
on measureable CD. However, in another embodiment of the invention, the boundaries of the 
target elements can be delineated by arrays of sub-elements — features arrayed at a fine pitch 
Pf « P that is comparable to or less than the minimum pitch of the circuit patterns. The 
purpose of the fine stmcture is two-fold: 

1) Ensure compatibility of the target with the circuit pattems being printed. The coarse, 
primary pitch P is constrained by the need to generate detectable non-zero order diffracted 
beams at the wavelengths used for measurement, whereas the typical pitch of circuit 
pattems may be significantly smaller. 

2) Ensure adequate target sensitivity (equal to or greater than that of the circuit pattems) 
to process variation. 

One such target example 900 is shown in FIG. 9 A, where target elements 901, 902, 903, 904 
similar to elements 801, 802 in FIG. 8 have been delineated by tightly nested lines oriented 
parallel to the primary periodicity P, having a fine period pf and a width of approximately 
Pf/2, The example fine-pitched target 900 is organized into sub-patterns denoted as Region 
1 and Region 2, comprised of elements 901, 902 spaced at period P along the x-direction, 
respectively, where the separation Go between midpoints of elements 901 (i.e. Region 1) and 
902 (i.e. Region 2) along the y-direction is predetermined, in a manner similar to the target 80 
of FIG. 8. Complementary tone sub-pattems denoted as Region 3 and Region 4, comprised 
of elements 903, 904 spaced at period P along the x-direction, respectively, and where the 
naidpoint of Region 3 and Region 4 are separated along the y-direction by the predetermined 
separation Go along the y-direction. The separation distance 911 between the complementary 
tone sub-region pairs is not critical to the design of the target 900, but should be sufficient to 
allow adequate separation of the detected signals. As viewed by the diffractometer, the 
printed target corresponding to the designed target 900 of FIG. 9A is now comprised of three 
different reflectivities: 1) The reflectivity Rl of the tapered elements 901, 902, having width 
Wl, for example, represented by the presence of resist lines, 2) the reflectivity Rt of the 
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tapered complementary tone elements 903, 904, having width Wt, for example, represented 
by openings or trenches in resist, and 3) the effective reflectivity i?f of the surrounding 
region 905 filled with the tightly nested parallel lines 909 and spaces 908. Referring to FIG* 
9B, an enlarged view of the circled area 906 of Region 1 is illustrated showing that the first 
and second tapered shapes 901 and 902 of Regions 1 and 2, respectively, (regions of 
remaining pattern material) are delineated by the ends of tightly nested parallel spaces 908 
(i.e. areas of removed patterned material in the shape of lines having width s preferably about 
Pf/2 ) of nominal period pf<:P whose lengths are oriented along the direction of primary 
periodicity P (i.e. the x-direction in FIG. 9A). As shown in the detailed view of area 906 
illustrated in FIG. 9B, the taper of the target shape regions 901, 902 is achieved by shifting 
the position of the ends of the surrounding space lines 908 in a fixed increment dl over 
successive pitches pf . The circled area 907 of Region 3 is illustrated in an enlarged view in 
FIG. 9C, showing that the first and second tapered space elements 903, 904 (areas of removed 
pattern material) are delineated by the ends of tightly nested parallel shapes 909 (i.e. areas of 
remaining patterned material in the shape of lines having width s preferably about Pf/2 ) of 
nominal period Pf<:P whose lengths are oriented along the direction of primary periodicity P 
(i.e. the x-direction in FIG. 9A). As shown in the detailed view of circled area 907 illustrated 
in FIG. 9C, the taper of the target space regions 903, 904 is achieved by shifting the position 
of the ends of the surrounding shape lines 909 in a fixed increment SI over successive pitches 
Pf . The effective taper angle C of the boundaries between the different reflectivities is given 



The target design 900 of FIG. 9A enables simultaneous measurement of the widths 
Wl of tapered shapes 901, 902 and widths Wr of tapered space shapes 903, 904. 
Measurement of the paired non-zero order extrema positions (yuni^yijni) (yTmi^yTmi) 
enables the determination of the target element widths Wl,t at the image centers by: 



bytanC = ^. 




(17) 



where Gtj = 



M 
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A plan view section 1001 of the printed substrate pattern corresponding to a section 
910 of the tapered space Region 3 ofmask target layout 900 of FIG. 9 A is shown in FIG. lOA. 
The plan view 1001 in the x-y plane shown in FIG. lOA, illustrates tapered spaces 903* 
(corresponding to mask shapes 903 of FIG. 9 A) having width Wt formed by the staggered 
line ends of resist shapes 1009 corresponding to the shape lines 909 of FIG. 9C. The 
cross-sectional view 1002 along line A- A' in the x-z plane is shown in FIG. lOB, in which the 
features 1009 comprise the structure of primary period P. The cross-sectional view 1003 
along line B-B' in the y-z plane is shown in FIG. IOC, in which the features 1009 comprise 
the stmcture of fine period pf. la cross-section, the structures are formed in a resist filml009 
on a substrate 450 comprised of a film stack 452, represented in FIGs. lOB and IOC by an 
oxide layer 452, over a silicon wafer 451. The resist 1009 and film stack 452 thicknesses are 
typically much smaller than the thickness of the silicon wafer 451; i.e., tr^ tox ^ ^si- 

FIGs. 1 1 through 16 provide a simulated example of the operation of the present 
invention for the target pattern 900 and corresponding printed stmctures 1001, 1002, 1003 of 
FIGs 9A-9C and FIGs. lOA-lOC. The response of the inventive diffractometry system and 
method for measuring CD to typical process variations — dose and focus changes in the resist 
image formation and oxide and resist film thickness variations — is simulated using a method 
described in commonly assigned U.S. Patent Application 10/353,900, filed on January 28, 
2003, the contents of which are hereby incorporated by reference in its entirety. For patterns 
consisting of arrays of arbitrary subelements, the simulator generates both the pattern imaged 
in resist by the lithography system and the diffracted energy measured by the diffractometer. 
The dimensions, pitches and transmission of the mask pattern elements, the characteristics of 
the resist, the optical characteristics of the lithography system, the film stack on the substrate, 
the wavelength of illumination in the diffractometer are all user selectable. For the examples 
illustrated in FIGs. 1 1 through 16, here, the simulation assumed the use of a positive resist 
having thickness in the range 250nm-350nm, a refractive index of 1.73, and a "threshold'* 
model (the threshold model assumes that any portion of the resist exposed to a dose equal to 
or greater than a characteristic threshold value of the particular resist material is removed by 
the developer). Use of the threshold model is consistent with the assumption of vertical resist 
sidewalls, noted earlier. The wafer is assumed to include a substrate of silicon having a 
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refractive index of 3.5+035i, where the imaginary component corresponds to absorption, and 
an overlying stack of oxide having a thickness of 600nm and refractive index of 1.46. 

The simulated target pattern on the mask was based on a dual tone target pattem 
similar to the target 900 of FIG. 9A, but having an infinite number of diffractive array 
elements (similar to elements 901, 902 or complementary tone elements 903, 904) repeating 
at period P in the x-direction, where the elements (901, 902, 903 or 904) are delineated by 
ends of tightly nested subelements (similar to lines 909 and spaces 908 of FIGs. 9A-9C) 
repeating along the y-direction at period The simulator simulates each set or region of 
primary features individually; that is, Region 1 comprising an infinite array of elements 901, 
Region 2 comprising an infinite array of elements 902, Region 3 comprising an infinite array 
of elements 903 and Region 4 comprising an infinite array of elements 904 of FIG. 9A are 
simulated separately. The target pattem has a pitch Px = lOOOnm in the direction of primary 
periodicity (along the x-direction) of the tapered primary diffractive array elements. Each 
primary diffractive array element (e.g. 901, 902, 903 or 904) is delineated by sub-elements 
909 in the y-direction (the direction of varying primary element width or taper). The 
sub-elements 909 of each array element have a sub-pitch pf—250nm and a sub-width 
s = 125nm. The width of the tapered primary array elements W(y) varies from 350nm to 
850nm in 31 = 25nm increments in the y-direction (the direction of the taper) to simulate 
diffraction from one of the printed arrays (e.g. Region 1, 2, 3 or 4) of tapered segments (e.g. 
printed shapes corresponding to designed target areas 901, 902, 903 or 904, respectively) 
similar to those illustrated in FIG. lOA. 

A space element grating is simulated by specifsdng a mask background transmission 

of 1 and a pattem transmission of 0. A shape element grating is simulated by specifying a 

mask background transmission of 0 and a pattem transmission of 1. The designed 50% duty 

p 

cycle width Wdiyo) on the mask is y = 500nm, but the printed 50% duty cycle width W(yo) 
is skewed toward larger mask dimensions because of line shortening effects. For the 
Threshold Model of resist patterning used here, the magnitude of lineshortening is a 
characteristic of the aerial image and the nominal dose. To ensure that the printed 50% duty 

cycle width W(yo) is positioned at the center (H/2) of the array element in the latent image 
formed in the resist at the nominal dose the mask pattem width must be increased by the 
anticipated amount of lineshortening. 
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The photolithographic exposure system in the simulation was assumed to have a 
numerical aperture (NA) of 0.7, a partial coherence of 0.6, and illumination wavelength of 
I93nm. The nominal dose, normalized to the dose required to fully expose a large open area, 
was 0.32. Simulated developed images were computed for exposure dose conditions varying 
-10%, 0% and +10% from normalized dose. Simulations were performed for each of those 
three dose conditions for defocus at Onm, lOOnm and 200nm. The resulting zero- and 
first-order diffracted signals from the simulated developed images were computed assuming 
300nm-700nm bandwidth plane-wave illumination incident at an angle 6 = 30deg, consisting 
of equal parts TE and TM polarization. The second-order diffracted signals were computed 
assuming 300nm-400nm plane-wave illumination incident at an angle 0 = 44.4 deg, 
consisting of equal parts TE and TM polarization. 

The differential line shortening response of the fine-grained features 908, 909, which 
delineate the shape (901, 902) and space (903, 904) regions, to dose and defocus is illustrated 
in FIG. 11, Simulated latent images of an end portion of a line-end shape 915 in a clear field 
1025 are illustrated in FIG. 1 1 A at zero defocus. The tip of the line 915 is located at length 
La at nominal exposure dose (0%), indicated by the contour labeled Eo. Note that as 
exposure increases from -10% (the E-\o contour) to 0% to +10% (the £"+10 contour), the resist 
line is shortened, corresponding to an increase in width Wt of the space shape 903' relative to 
nominal shape 903 (compare FIG. lOA to FIGs. 9A and 9C). By contrast, for the opposite 
tone patterns (e.g. nominal shapes 901, 902), in which a line end space 1016 in a resist field 
916 is formed, the space length Lb is elongated as exposure dose varies from -10% (contour 
jB~io) to +10% (contour E+io). Note that at nominal dose (0%), the resist shape 915 has a 
length La that is different (i.e. longer) than the space 1016 length L5. On the other hand, 
under conditions of defocus, both shape and space dimensions respond in the same fashion, 
as illustrated in FIGs. 1 IC and 1 ID, in which both the length Lc of the line-end shape 917 (in 
clear field 1025) and the length Ld of the line-end space 1018 (in resist field 918) are 
shortened at 200nm defocus as compared to the lengths La^Lb of the zero defocus case. 

Referring now to FIG. 12, diffraction efficiencies DEx^iiW) determined by Equation 
(11) for the first (/z = 1) and second {n ~ 2) diffracted orders are shown for the case of 0% 
dose error, zero defocus and assuming a resist thickness of 300nm, plotted along the direction 
of varying target width Wd (along the -direction), averaged over wavelength (along the 
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-direction) from 300-700nin for zero and first order, and 300-400nm for second order, where 
the requirement of real diffraction angles in the range of 0-90° by Equation (1) limits the 
allowed wavelength band. The diffraction efficiency for the tapered space targets 903, 904 
are indicated by the curves 1221, 1222 for orders n = 1, 2, respectively, labeled T and for the 
tapered shapes 901, 902 indicated by the curves 1201, 1202 for orders n = 1, 2 respectively, 
labeled L. In accordance with the present invention, the target dimensions Wri (ym), Wniym) 
corresponding to the position of the peaks of the first order curves 1221, 1201, 
respectively,and dimensions WTi(ym),WL2(ym) corresponding to the position of the nulls of 
the 2nd order curves 1222, 1202, respectively, are independent of the substrate and target 
reflectivities (as indicated in Equation 9) and are particularly useful for the determination of 
CD and the analysis of variations in dose and focus. These dimensions are determined by 
fitting the measured diffraction efficiencies (simulated data in this case) to parameterized 
curves of the form in Equation (15): 

DEn(W : ao, Wm) = ao{l - cos ( ^"""^mP^"^) } ^^^'^ 

p 

where Wm = WCvm) is the target design dimension required to produce the dimension W= 
on the substrate. In FIG. 12, the discrete data points 1231, 1241, 1232, 1242 are the 
simulated values of diffraction efficiency, and the continuous line curves 1201, 1221 are the 
fit of Equation (18) for (n = 1), and the dashed curves 1202, 1222 are the fit for {n = 2). The 
fit parameters are: 



Table L 



n 






2 




L 


T 


L 


T 


ao[%] 


0.55% 


0.52% 


0.14% 


0.14% 




0.5692 


0.616 


0.5785 


0.6206 



As is evident in FIG. 12, the quality of fit is excellent over a large range of W, from 0.35 to 
0.85 microns. Even at optimum dose (the dose required to print the fine features s = 0.125^m 
to size) and perfect focus, the peaks Wniym), Wniym) and nulls Wniym), Wiiiym) of the 
diffraction orders Wm are shifted significantly with respect to the design values Wd ~ O.Sjum, 
As determined by the n = 1 maxima, the shortening of the space ends 908 that delineate the 
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target shapes 901, 902 having width Wl is 69nm; whereas that of the line ends 909 that 
delineate the target space shapes 903, 904 having width Wr is 1 16nm. While this agrees 
qualitatively with the threshold contours of the aerial image, the aerial image shortening 
accounts for only about half of the measured shortening. The measurement overestimates the 
shortening because the boundary of the regions of differing reflectivity is spatially modulated 
by the fine features. The measurement is an average over that modulation. Note that the 
shortening determined by the n = 2 minima is greater than that determined by the n = 1 
maxima, as can be seen from Table L This is beause the second-order diffraction weights the 
average edge modulation differently than first-order diffraction; the different diffracted orders 
have differing sensitivity to the edge modulation. This shows that the measurement of 
multiple diffracted orders provides useful information regarding line-edge roughness. 

FIG. 13A shows the response of Wm to dose and FIG. 13B shows the response to 
focus (B) of the exposure tool. Referring to FIG. 13A, for shapes 901, 902, curve 1301 is the 
response to dose for n=l and curve 1302 is the response to dose for n=2. For complementary 
shapes 903, 904, curve 13 1 1 is the response to dose for n=l and curve 1312 is the response to 
dose for n=2. Referring to FIG. 13B, for shapes 901, 904, curve 1321 is the response to 
defocus for n=l and curve 1322 is the response to defocus for n=:2. For complementary 
shapes 903, 904, curve 1331 is the response to defocus for n=l and curve 1332 is the 
response to defocus for n=2. For both diffracted orders n = 1, 2 the dose response is roughly 
linear (FIG. 13 A) and the focus response is roughly parabolic and symmetric about best focus 
(FIG. 13B). The slope of the dose response is of opposite sign for the two target tones, 
whereas the curvature of the focus response is of the same sign. This distinct response of 
the shape and space structures enables the separate control of lithographic dose and focus, for 
example, using the method according to Ausschnitt (U.S. Patent 5,965,309), the contents of 
which are hereby incorporated by reference in its entirety. 

FIGs. 14A and 14B show the simulated behavior of the diffracted energy over a 
lOOnm range of the underlying oxide film 452 thickness tox for the zero n = 0 and first n = 1 
orders in the -direction, as they would be detected in the detectors 480 and 460, 
respectively, of FIG. 4A, for a space T target comprising Regions 3 and 4 of FIG. 9 A having a 
design dimension Wd = 0.6jum close to the value corresponding to a printed dimension of 
W = y = O.Sjum. The diffracted energy is dispersed linearly in wavelength by the 
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transmission grating element 435 of FIG. 4 in the case of n = 0 and the printed target grating 
455 in the case of n = 1. Thus, wavelength is equivalent to the jc' -direction at the detector 460 
configured to detect non-zero order, and the -direction of the second detector 480 
configured to detect the zero order in FIG 4. As expressed in Equation (5) the spectral 
response for n = 0 is a function of both the substrate reflectivity Rs and the relative 
reflectivity i?L5. As expressed in Equation (10), the spectral response is for n = 1 is a direct 
measure of the pattern reflectivity relative to the substrate \Rls\^ The sensitivity of the 
diffraction efficiency to the change in underlying oxide film thickness is shown in FIG. 14A 
for zero order and 14B for first order by spread 1400, 1401, respectively, of the curves plotted 
in oxide thickness increments of lOnm over the lOOnm oxide thickness range between 450nm 
and 550nm. The spread at lo == 500nm is indicated by the double-headed arrows 1400, 1401 
as a rough metric of relative sensitivity between the two diffracted orders. The zero order 
spread 1400 is significantly larger than the first order spread 1401, so that clearly, zero order 
is significantly more sensitive to oxide thickness than first order. A quantitative measure of 
the relative sensitivity can be obtained by taking the ratio of the range of diffraction efficiency 

variation with oxide thickness to its value at the midpoint of the range • For the 

zero-order spread 1400 of FIG. 14A, « 1-5, whereas for the first-order spread 1401 of 

FIG. 14B, « 0.4. Thus, the diffraction efficiency at zero order has greater than three 

times the sensitivity to the underlying oxide film thickness in our example. This illustrates 

that non-zero orders are the better choice to measure pattern attributes; whereas zero order is 

the better choice to measure underlying film thickness. In fact zero order works best in this 

regard when there is no pattern. 

FIGs. 15A and 15B illustrates a similar pair of plots to those in FIGs. 14A-14B, 

except here we are showing the response of the diffracted orders to the changes in target 

pattern density induced by changes in the dose used to expose the pattern over a range of 

±10% about the optimum dose defined above. The focus is fixed at best focus. Once again, 

we can assess the relative sensitivity to dose by the spread 1500 for zero order and spread 

1501 for first order of the curves; and we conclude that non-zero orders are the better choice 

to measure pattern attributes. As in the case of FIG. 14, a quantitative measure of the relative 

sensitivity may be obtained by taking the ratio of the range of diffraction efficiency variation 

with dose to its value at the midpoint of the range . For the zero order spread 1500 in 
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HG. 15A, 



ADEo 



0.1, whereas for the first order spread 1501 in FIG. 15B 



M)Ei 
' DEi 



0.3. In 



the example shown in FIG. 15, the diffraction efficiency at first order has approximately three 
times greater sensitivity to exposure dose than zero order. In fact, zero-order is primarily 
sensitive to the pattern changes by virtue of the illumination energy that is diffracted into 
higher orders. Hence, zero-order sensitivity goes to zero as relative reflectivity 

FIGs. 16A and 16B show the sensitivity of the first order diffraction efficiency to 
changes in the focus used to print the target pattern over a range of 200nm about best focus at 
two different nonadnal values of mask dimension Wj. The dose is fixed at the optimum dose. 
At Wd = 0.6/im the printed grating has an approximately 50% duty cycle and the sensitivity to 
defocus is low, as illustrated in FIG. 16 A. At Wa = OASjum the printed grating has an 
approximately 20% duty cycle and the sensitivity to defocus is relatively high, as illustrated in 
FIG. 16B. Thus, high focus sensitivity is achieved with more isolated grating elements and 
the achievement of focus control requires the measurement of these relatively isolated 
structures. Dose sensitivity, on the other hand, is not a strong function of the. target duty 
cycle. 

Thus, we conclude that optimum spectral sensitivity to both dose and defocus is 
achieved for relatively isolated grating elements; which leads us to the simpler target 
embodiment discussed below* 

A preferred embodiment 1701 of the inventive discrete differential grating target 455 
for use in measuring CD is shown in FIG. 17. This exemplary target 1701 provides a 
preferred means of CD measurement that places no restriction on the nominal CD size. The 
target grating 1701 is divided into two or more sub-pattem regions, e.g. Region 1 (reference 
numeral 1731) and Region 2 (reference numeral 1732), comprised of lines, e.g. 1711, 1712, 
respectively, having length H oriented along the y-direction. The nominal widths, e.g. 
Wd\,Wdi, of lines 1711, 1712, respectively, are uniform within each sub-pattem region 1731, 
1732, respectively, but are different between sub-pattem regions 1731, 1732, respectively 
(e.g. first sub-pattem region 1731 including lines 1711 having nominal width Wd\, and 
second sub-pattem region 1732 having lines 1712 of nominal width Wdi)* The features 171 1, 
1712 are preferably joined by connecting regions 1750, which can help avoid line shortening 
of the elements 171 1, 1712, as well as provide stmctural support to elements 1711, 1712 on 
the printed stmcture. Note that the widths of elements 1711, 1712 would be typically much 
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smaller than the width of the connecting regions 1750. The separate sub-pattern regions (e.g., 
1731, 1732) are preferably, but are not required to be, arranged along the y-axis with respect 
to each other. The following sub-pattem characteristics are defined, normalized to the pitch: 
_ (Wi -J- W2) 

L 2p — unknown average width whose designed nominal size is Wd- 

2, 2p is the pre-determined (designed) offset between the two designed 

nominal widths. 

— (Wrfi+Wc/2) 

In this example, the designed nominal dimension Wd = » where Wdi, Wdi are the 

designed nominal widths of the sub-pattem lines 171 1 and 1712, respectively. 73 is designed 

to be sufficiently small so that the reflectivity Ra within each constant linewidth sub-pattem 

region (e.g. 1731, 1732) is the same and, over the range of CD variation within the 

lithographic patterning process, the pre-determined offset S is invariant. The pre-deteraiined 

offset value 5 can be used as an in-situ calibration of CD variation. It is useful to choose the 

designed nominal offset ^ as a fraction P of the deviation of the designed nominal average 

linewidth Wd from 0.5, wherein 

^ = P{k-\^d-\\) (19a) 

The detected image 1800 of the two-region differential grating CD target 1701 appears as 
shown in FIG. 18 A, plotted in a plan view of the detector array 460. The intensities (/l,/2) 
are constant within their respective sub-pattem regions 1801, 1802 (having respective 
dimensions of Hn xLj and HjiX^Lj, which are each about MHxMNP), as illustrated in FIG. 
18C. This obviates the need for precise detector calibration, since the detected intensity can 
be averaged over many detectors. The intensity summed or integrated over the y'-direction is 
illustrated in the plot 1805 of FIG. 18B, which provides a spectral response for a broadband 
source, which is a function of average linewidth of the target elements as well as the profile 
of the target elements. Therefore, the profile characteristics of the printed target elements can 
be determined by comparing the measured spectral response to a library of spectral responses, 
in a manner simdlar to scatterometry. However, the use of the spectral response in 
accordance with the present invention has the advantage that the spectral response of 
non-zero diffracted orders is relatively insensitive to the underlying film thickness, as 
indicated by FIG. 14. The intensities 1811, 1812 illustrated in FIG. 18C are the intensities 
1801, 1802, respectively, summed or averaged over the ;c' -direction and the contrast between 
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the two average intensities 1811, 1812 provides a measurement of the average width of the 
grating elements of the two target subregions, as explained further below. The dependence of 
the two intensities II (1801), 12 (1802), on average width w is shown in FIG. 19 for j5 = 0.15. 



Given the further definitions: 



a = cosilnS) 

II l-cos[27g(iv+(5)] ..Q.v 
12^ l-cos[27r(w-t5)] ^ ^ 

71-/2 

n+/2 



The unknown average width w can be expressed as: 



C^O: 



w = 2^ arccos 



In 
C<0: 



w = 1 - 2^ arccos 



'aC ^±(a^-'l)JT^ 
a2(c2^1) + l 

aC''±(a^-l)JT^ 



(20a) 



(20b) 



a2(C2 -1) + 1 



The average width w of Equations 20a, 20b is determined by the measured contrast C 
between the two intensity regions 1801, 1802 of FIG. 18 and the known, pre-determined (i.e. 
designed) offset difference d between the two nominal linewidths Wdi , Wd2 • A plot of the two 
solutions (determined by the choice of sign in Equations 20a, 20b) for the calculated w as a 
function of a expected printed average width Wexp on a wafer target is shown in FIG. 20, 
indicated by w+,w^. The positive solution w+ of Equations 20a and 20b, for which >v=Wexp, is 
the average linewidth. The square of the contrast is dependent on the p parameter as 
shown in FIG. 21. The contrast increases as the grating elements become increasingly 
isolated; namely, as W-> 0,P. Note that as P, the grating elements become isolated 
spaces. 

The required precision of CD measurement for semiconductor applications needs to 
be on the order of Inm. The precision of the inventive CD measurement technique is 
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dependent on the sensitivity of C to changes in >v. For the small variations that concern us the 

fractional change of contrast "^^is given by: 

AC _ Aw 



(21) 



From Equations (20a) and (20b) we obtain 

C>0: 



dw 
dC 



2n 



F2 



(22a) 



where: 



C<0: 

dw _ fj. 
dC 2n 



F2 



(22b) 



F2^ 



aC^ + ia^-l)Jl-C^ 
a2(c2-l) + l 

2C 



a2(C2-l)+l 



2/r^ 



(23) 



Equations 22a and 22b express the rate of change of w with the contrast, thus providing a 
measure of sensitivity. For good sensitivity of measurement (defined as the rate of change of 
contrast with w, which is the inverse of Equations 22a and 22b), small changes in w 

preferably provide large changes in contrast. An important property of Equations 22a and 
22b is that the sensitivity increases at the extremes vv 1, and 1 - w 1 of the linewidth (i.e. 

I — 

when the width W is close to P), where -j^ approaches zero, as shown in FIG. 22A. At one 
extreme each grating element is a feature with reflectivity Ra defined by the presence of a 

film. At the other extreme each grating element is a feature with reflectivity Rs defined by 

the absence of a film. 
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In either case, the inventive differential CD measurement has the desireable 
characteristic that sensitivity increases as the feature width decreases. A detailed view of 
sensitivity behavior in the Wd ^ 0.05 region is shown in FIG. 22B. Substituting in Equations 
21-23, at P = lOOOnm and j& = 0. 15, a Inm change in a 50nm nominal CD in FIG. 17 (e.g. if 
Wd = 50nm, then Wdi is 15% larger, or about 57.5 nm, and Wdi would be 15% smaller, or 



about 42.5nm) corresponds to Aw = 0.001, 



dw 



0.18, C > 0.25 , so that ^ > 0.02. A 2% 



dC 

change in the nominal contrast (0.5% change in absolute contrast) is measurable, so a 
precision of Inm of measurable change in width is achievable. 

As noted above, one purpose of the differential CD measurement is to enable a 
differential response to processing conditions, such as dose and focus, during pattem 
formation in photoresist on the wafer. Several embodiments of diffractometry targets that 
enable dose and focus separation are shown in FIGs. 23-???. The target 2300 in FIG. 23 is 
comprised of differential shape (i.e. a pattemed material layer where the pattemed layer, such 
as resist, remains) and space (pattem areas where the pattemed layer, e.g. resist, has been 
removed) gratings that define four regions, 2301, 2302, 2303 and 2304, as indicated. The 
widths WuWi.Ws, W4 of the grating elements 23 1 1 , 23 12, 23 13, 23 14 are much less than the 
grating period, Le„ Wi, W2, W3, W4 <^ so that each element is isolated with respect to its 
neighbors. Within first and second regions 2301 and 2302, the substrate (open space 2320) 
reflectivity is Rsi and the grating shape element (e.g. resist shapes 231 1, 23 12) reflectivity is 
Rl, whereas within third and fourth regions 2303 and 2304, the surrounding region (e.g. large 
resist area 2330) reflectivity is Rsz and the grating space (substrate) element 2314 reflectivity 
is Rt* Note that the reflectivities are "effective" reflectivities influenced by edge effects and 
profile characteristics in the regions of the narrow features. There are two pairs of regions of 
opposite tone, i.e. a substantially open (removed pattemed areas) space 2320 consisting of 
sub-pattern regions 2301, 2302, and a substantially filled (i.e. filled by the pattemed layer 
material, such as resist) region 2330 consisting of sub-pattem regions 2303, 2304. The two 
pairs of dual-tone regions (2320, 23430) can be treated separately in measuring the 
dimensions of the isolated shapes and spaces according to the invention described above. 
When formed as a latent or developed image in resist, the isolated shape width 

Wi + Wi 

Wi = — — - decreases in the direction indicated by the dashed arrow 2405 as dose 
increases from -10% (2401) to 0% (2402) to +10% (2403) as indicated by the curves of FIG. 
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24A, which is in the opposite direction (indicated by the dashed arrow 2402 over the curves 

of FIG. 24B) relative to that of the isolated space width Wt = 2 ' which increases as 

dose increases from -10% (2411) to 0% (2412) to +10% (2413). On the other hand, the 

dimensions of the spaces (curves 2411, 2412 and 2413 of FIG, 24B) and shapes (curves 2401, 

2402 and 2403 of FIG. 24A) change in the same direction with respect to changes in defocus 

(or focus). The plots of FIG. 24A and 24B are simulations of the inventive measurement 

method applied to a Focus-Exposure matrix (under the same conditions as those described for 

FIG. 1 1) of the target 2300 shown in FIG. 23, where a 40nm bias has been applied to the 

space elements 2313, 2314 to ensure printing to size at the same nominal dose as the shape 

elements 2311, 2312. Methods for extracting dose and defocus are described in Ausschnitt 

(U.S. Patent 5,965,309) or in the publication by C. P. Ausschnitt, "Distinguishing dose and 

defocus for in-line lithography control," Proc. SPIE, Vol. 3677, 140-147 (1999), the 

disclosures of which are hereby incorporated in their entirety by reference. Once the response 

of the dual-tone target 2300 to dose and focus is characterized for a process, measurements of 

the changes from nominal in dimensions of patterns produced by that process can be 

converted to dose and defocus by the inverse modeling as described in the above publications. 

One tone is characterized by opaque (or dark) lines or features (representing remaining 

pattemed material) in a clear (or bright) field , while the opposite tone pattern is characterized 

by clear (or bright) features in an opaque (or dark) field. 

Another embodiment of a differential CD/dose/focus target 2500 is shown in FIG. 25. 

Here, within a first and second sub-pattem region 2501, 2502 respectively, an effective 

isolated shape region 2511, 2512 (having nominal widths Wi.Wz, respectively) of remaining 

patterned material characterized by reflectivity Riis formed by the area substantially 

surrounded by the ends of nested narrow-width parallel spaces (i.e. areas of removed 

pattemed material in the shape of lines having width preferably about Pf/2) of nominal 

period p/^P whose lengths are oriented along the direction of primary periodicity P (i.e. the 

x-direction in FIG. 25) and orthogonal to the edge of the effective shape regions 251 1, 2512, 

in a manner similar to the shape regions 901, 902 defined by fine-period lines 908 of FIG. 9B. 

Within sub-pattem regions 2503, 2504, an effective isolated space region (a region of 

removed pattemed material) 2513, 2514 (having nominal widths W3, W4, respectively) 

characterized by reflectivity Rr is formed by the ends of tightly nested parallel narrow 
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rectangular shapes (i.e., lines of remaining patterned material having width, preferably about 
Pf/2) of nominal period Pf^P whose lengths are oriented parallel to the direction of primary 
periodicity P and are orthogonal to the edges of the effective space regions 2513, 2514. The 
delineation of effective space regions 2513, 2514 is similar to the delineation of space regions 
903, 904 by fine-period lines 909 of FIG. 9C. As viewed by the diffractometer 40, the 
regions 2523 covered by the fine-period parallel rectangular lines and spaces are 
characterized by effective reflectivity /?f . In a manner similar to that for the target 2300 of 
FIG. 23, the two pairs of regions (2501, 2502) and (2503, 2504) in FIG. 25 can be treated 
separately in measuring the effective widths of the effective isolated shapes wi^wz and spaces 
W3, W4 according to the invention described by Ausschnitt in U.S. Patent 5,965,309, as 
discussed above. The response of the effective isolated shape width w\,W2 to dose is 
opposite that of the effective isolated space W3,W4-, whereas their response to defocus is the 
same, as illustrated in FIGs. 24A, 24B and 27 A, 27B. This distinct response of the shape and 
space structures enables the separate control of lithographic dose and focus according to 
Ausschnitt (U.S. Patent 5,965,309). The advantages of the target 2500 in FIG. 25 relative to 
the target 2300 of FIG. 23 are twofold: 1) shape and space ends have enhanced sensitivity to 
dose and focus ; and 2) the target 2500 of FIG. 25 maintains a more uniform pattern density, 
comparable to that of the chip pattern, necessary to ensure compatibility with other process 
steps such as CMP (chemical mechanical polishing). 

Other targets to enable dose and focus differential response by differential CD 
measurement of patterns formed in resist films can be created based on dose sensitive designs 
described by Starikov ("Exposure Monitor Structure*', SPIE vol. 1261 Integrated Circuit 
Metrology, Inspection, and Process Control IV {1990)) and Inoue, et. al. (US 6,251,544, 
issued June 26, 2001) and focus sensitive designs described by Suwa (U.S. patent 4,908,656) 
and Ausschnitt (U.S. 5,953,128). The Starikov and Inoue designs greatly enhances dose 
sensitivity and dampen focus sensitivity by using sub-resolution assist features (SRAFs) on 
the mask pattern. The Suwa and Ausschnitt designs enhance sensitivity to defocus by 
introducing tapering of the ends of lines. These designs are readily adapted to the inventive 
differential CD measurement described above as illustrated in FIG. 26. In FIG. 26A, a target 
2600 is designed that has a dose-sensitive section 2610 comprised of two subpattem regions. 
Regions 1 and 2, having repeating elements 261 1, 2612, respectively, and a defocus-sensitive 
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section 2620 comprising two subpattem regions. Regions 3 and 4, having repeating elements 
2623, 2624, respectively. The target 2600 has a primary periodicity of P in the x-direction of 
N repeating sub-pattems element sections 2630 (for clarity, only two repeating element 
sections 2630 are shown). The open pattemed regions or spaces (between the remaining 
patterned material) have widths Wi, W2, W3, W4 corresponding to subpattem elements 2611, 
2612, 2623 and 2624, respectively, hi FIG. 26B illustrates a portion of a mask layout 2650 
used for forming one element section 2630. The upper mask section 2670 consists of primary 
features 2651, 2653 with adjacent sub-resolution assist features (SRAFs) 2652, 2654 which 
are used to image the primary features 261 1 and 2612, respectively, on the wafer. As 
illustrated in FIG. 27 A, the widths of the spaces W\, W2 in the dose-sensitive region 2610 are 
very sensitive to dose as illustrated by curve 2701 (as described, for example, by Starikov and 
Inoue), while the variation of widths W3, W4 with defocus does not change rapidly as 
illustrated by curve 2703 as illustrated in FIG. 27B. 

By contrast, the focus-sensitive region 2620 is formed by a mask layout such as 2680, 
consisting, for example, of tapered lines 2661, 2662 (as described by Suwa or Ausschnitt), to 
form pattemed regions 2623, 2624, respectively. The widths W3, W4 of the spaces in the 
focus-sensitive region 2620 vary as a function of dose in a manner similar to curve 2702 of 
FIG. 27 A, thus are relatively insensitive to dose variations, but are relatively very sensitive to 
defocus, as illustrated by curve 2704 of FIG. 27B. 

Other defractometry targets for use in accordance with the present invention can be 
designed to achieve focus sensitivity using phase shifting elements on the mask as 
demonstrated by Branner (U.S. 5,300,786). What all of these embodiments have in common 
is that they rely on CD or overlay measurement. The various target designs are readily 
adapted to the inventive differential CD measurement described above, or the inventive 
differential overlay measurement described below. Targets that address specific applications 
other than dose and focus control can be assembled from the embodiments illustrated in FIGs. 
6, 8, 9, 23, 25 and 26, among others. For example, a target consisting of a series of width 
steps to approximate the wedge elements 601 shown in FIG. 6 would provide a means of 
quantifying the linearity of the lithographic process over a wide range of CDs. A comparison 
of wafer measurements to mask measurements on such a target would quantify the so-called 
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MEEF (mask error enhancement factor) effect that is critical to understanding sources of CD 
variation in sub-wavelength imaging. 

Target embodiments can also be tailored to the characteristics of specific patterning 
layers. FIG. 28 shows a target 2800 comprised entirely of contact holes 2801 at a fine period 
Pf in the x- and y-directions, arranged to form larger elements 28 11 having nominal width 
Wdi-, and 2812 having nominal width Wdi, having primary periodicity P along the x-direction. 
In another embodiment, FIG. 29 shows a target 2900 having two subpattem regions Region 1 
and 2, where the background reflectivity region 2905 is comprised of finely spaced lines at 
fine period pf running parallel to the coarse period P of the measureable grating elements 
2901, 2902 having nominal widths Wdi^ Wdi, respectively. 

Another target embodiment 3000, shown in FIG. 30, enables the application of the 
inventive differential diffractometry measurement to the parallel acquistion of through-pitch 
CD measurements. The measured dependence of the printed CD on pitch or period is critical 
to the determination of the Optical Proxindty Correction (OPC) mles. OPC rules govern the 
modification of product mask layouts to ensure simultaneous printing of differently pitched 
features to a common size. A current limitation of OPC rules generation is that the 
conventional SEM CD measurement approach is slow and laborious. In particular, SEM CD 
measurement precludes the gathering of sufficient data to ensure the matching of the printed 
CDs over a representative process window. The target of FIG. 30 is comprised of multiple 
differential gratings 3001, 3002, 3003, 3004, each similar in design to that shown in FIG. 17 
where the period, Pa,Pb,PcyPd^ respectively, is changed from one differential grating to the 
next. Under monochromatic illunaination Ao, the diffraction from the target 3000 in FIG. 30 
will occur as shown in FIG. 31. The zero order intensities Ioa,Iob,Ioc,Iod are reflected along 
the path 440, and the first order intensities I\hJ\cJ\d are collected by the optics 430. 
However, first order intensity I\a for subregion 3001 is not collected because the pitch of 
subregion 3001 Pa<^0' The relationship between the angles can be expressed by the grating 
equation: 

-^^ = sin^ + sina (24a). 
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The range of grating periods for which non-zero diffracted orders are detectable by the 
apparatus must satisfy the condition —NAx < sin a < NAx, in which case: 

' pi\rA <P< ' n\jA (24b). 

For shallow angle illumination 9 = 70^ and NAx = 0.5, corresponding to a maximum 
collection angle amax = ±30^, the range of first order detection is 0.7 Xo <P< 23Xq. Thus, 
available DUV sources at a wavelength of 200nm would enable CD measurement at periods 
in the range \AOnm <P< 460nm. Ranges encompassing larger periods are achieved using 
longer wavelength illumination. A multi wavelength or broadband source would 
accommodate the entire range of interest for OPC at the most advanced ground rules, periods 
from 150nm to SOOOnm. Periods smaller than the lower cutoff defined in Equation 24b are 
detectable only in zero-order. FIG. 32 A shows the detected first-order intensities hJcJd 
from a target 3000 for the broadband illumination of three periods Pb<Pc< Pa on a plan 
view of the detector 460. Since the diffraction angle varies with period, the detected 
intensities are staggered in the jc' -direction, which corresponds to the direction of varying 
wavelength on the detector 460. Simultaneous measurement of the CDs in each of the 
periods is enabled by separate measurement of the intensites h (j' ) integrated or summed over 
the -direction, illustrated in FIG. 32B. Thus, the inventive method enables the 
simultaneous measurement of CDs through a wide range of pitch. 

The zero-order detection path 440 of the apparatus 40 in FIG. 4A enables the 
measurement of film thickness simultaneously with the measurement of CD. As shown in 
FIG. 33A, for the case of a target similar in design to target 1701 of FIG. 17, the zero-order 
image plotted on a plan view of the CCD2 detector 480 (FIG. 4A) is divided in the 
-direction into regions 3301, 3302 corresponding to the patterned regions 1731, 1732 of target 
1701 in FIG. 17, while regions 3305 correspond to the unpattemed regions 1705 of target 
1701 in FIG. 17. The intensity spectrum /oOcO of the unpattemed regions 3305 can be 
utilized for film thickness measurement. As shown in FIG. 33B, the zero order intensity 
spectrum /o(^') 3307 in the unpattemed image region 3305 along line A- A corresponding to 
the unpattemed target regions 1750 between the two grating image regions 3301, 3302 
corresponding to target regions 1711, 1712, respectively, has an unique signature that 
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depends on the intrinsic properties of the films — the real and imaginary components of the 
refiractive indicies n^/l), ki{X) of the i*^ film — and the thickness ti of each film. In cases 
where the riiiX), ki{X) values are known, the thicknesses can be determined by conventional 
fitting of the modelled response of a multi-film layer to the measured spectrum using the 
thicknesses as free parameters. In the case where one or more of the rtiiX), ki(X) values are 
not known, their determination can be included in the fitting routine by using conventional 
models of their expected dispersive behavior, such as the Cauchy formulation. Of course, in 
the absence of detectable non-zero order diffraction (as would be the case in the absence of a 
target), the same methods can be applied to the determination of film properties and 
thicknesses using the detector 480 of apparatus 40 in FIG. 4A. 

Differential Qverlav 

A variation of an embodiment of the inventive diffiractometry system 40 in FIG. 4 is 
shown in FIG. 34. The ability to illuminate the target 40 from two opposite directions, both 
along the direction of the target primary pitch P, i.e., the x-direction, has been added, where 
FIG. 34A illustrates illumination of target 455 directed from the negative x-direction (the 
direction of primary periodicity) and FIG. 34B illustrates illumination of the target 455 
directed from the positive x-direction. This enables detection of both positive and negative 
diffracted orders with a single apparatus. This can be achieved by configuring the apparatus 
40 to allow repositioning of the illumination 410, or repositioning of the target wafer 450, to 
achieve the appropriate illumination direction relative to the target. When the illumination is 
from left to right at an angle 6 = arcsinf-^-l , the +1 diffracted order 441 is detected. When 




the illumination is from right to left at an angle 6 = arcsini —p J, the -1 diffracted order 441' is 



detected. The ability to detect both positive and negative diffracted orders is essential to the 

measurement of overlay error, as explained below. 

A repeating unit of an idealized overlay target grating 3500 (similar to the idealized 

CD diffraction schematic of FIG. 5 A) is shown in FIG. 35 A, where, for clarity, only one 

repeating unit is illustrated. The overlay grating target 3500 as printed on the wafer consists 

of two features 3501, 3502 within each period P, one feature 3501 formed by the patterning 

P 

process A having width Wa<-t second feature 3502 formed by the pattemmg 
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process B having width Wb ^ ^ • Patterning process B may represent the process for printing 
a first layer of features 3502, and patterning process A may represent the process of a second, 
overlying layer of features 3501. As in the case of the CD targets discussed earlier, the 
features 3501 and 3502 can be comprised of lines, trenches or arrays of smaller features, as 
long as the features are compatible with the groundrales of the process layers on which they 
are printed. The widths Wa and Wb relative to the period P determine the range of the 
measureable overlay error. The idealized overlay grating 3500 in FIG. 35A has two lines 
3501, 3502 within each period in the direction of the horizontal axis x: lines 3501 having 
width Wa and lines 3502 having width Wb, whose centerlines are separated by a distance D^. 
The ratio Dx/P is designed to have a nominal value of 1/2. Therefore, x-direction overlay 
error ex between the two features 3501, 3502, normalized to the period P, can be expressed 
as: 

= (25) 

The vertical axis 3507 in FIG. 35A illustrates the normalized complex reflectivity of the line 
3501 having a real amplitude of 1, and zero phase, and line 3502 having a real amplitude of y 
where 0<y <1 and phase where —7i<(p<7i, Normalization of the reflectivities of the 
lines 3501, 3502 is relative to the complex reflectivity of the underlying film stack and 
substrate. In contrast to the CD case (see FIG. 5) where the target features are formed in a 
single layer, the overlay features 3501, 3502 may be formed in different films of the film 
stack. In general, therefore, the reflectivities of the two features 3501, 3502 relative to the 
substrate at any given wavelength are not equal, but differ in both amplitude and phase as 
described further below. 

For substrate reflectivity Rs and respective line reflectivities Ra,Rb, the spatial 
variation of the reflectivity amplitude a(x,y) over the surface of a finite grating consisting of 
//periods containing line pairs of length H (the length H is oriented along the y-direction, 
orthogonal to the x-direction, which is the direction of periodicity) illuminated by an 
amplitude Ao is described by the following equation: 
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a(x,y)=Ao 



Rs + RAs[Tcct (-^) rect [-j^) ® comb (f) ] rect (^) 
^RBs[r^ct rect (^^) ® comb (^f) ] rect 
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(26) 



where we have defined Ras ^Ra-Rs and Rbs ^Rb-Rs- hi the scalar diffraction theory 
approximation valid for P > A, the far-field amplitude An of order n is given by the Fourier 
transform of Equation (26): 



^^"jf^ = RsSiu, v) + HNP sinc(Hv) S sinc[iVp(w - ^) ] 



RasWa sinc(WAM) 
-^RbsWb sinc(WBM)e-''2^^-" 



(27) 



where (m, v) are the far-field coordinates at a distance z from the grating defined by 

(u s x/>Lz, V ^ y//Lz). In the direction (^w = -p-, v = 0^, the intensity in the plane of the detector 
460 of FIG. 34 is dispersed in wavelength in the x-direction according to Equation (1) and 

imaged at a magnification M in the y-direction. For n ^ 0, the first order amplitude is given 

by: 



InnDx 



(28) 



and the corresponding intensity is: 

lMM^\m)\\\-¥yKX)'Y2y{X)cos{^^ 



(29) 



where, at a single wavelength, the following definitions apply: 



K{X) ^ AoHNPWARAsiX) sine 

Mil ' (nWB\ 
W^smcl^— J i ^^^^) 

W.sinc(-^)l^^^(^> 



(30a) 

(30b) 
(30c) 
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and the ranges 0 < y(X) < 1 and -n < ^U) < n apply. Under multiple wavelength illumination 
the definitions of Equations 30a-30c become functions of the relative reflectivities at each 
wavelength, but the general expressions for the amplitude and intensity in Equations 28-29 
remain valid. In other words, the determination of (the unknown) overlay error ex from 
diffracted intensity measurements, also requires determination of two additional unknown 
parameters, namely, the amplitude and phase (y, ^) of the normalized complex reflectivities. 
Thus, the invention provides a means for determining the effective amplitude and phase 
difference as well as overlay error between patterns A and B based on measurements of 
diffracted intensity, as described in more detail below. 

In the 7 = 1, ^ = 0 case, the expression for intensity in Equation (29) becomes similar 
to Equation (7), and an approach to determining overlay error Sx analogous to that used to 
detemine CD above can be applied (see Equations 20a and 20b). However, the general case 
where y < 1, ^ 0, likely to be encountered in product wafer overlay metrology, requires 
significant modification of this approach. Illustrated in FIG. 35B are plots 3513, 3515 of the 

normalized intensity "^^^fr of the n = ±1 diffracted orders as a function of the overlay error 

4\Kr 

Sx (recall that Sx = - ^ from Equation 25) at two values (y = 1.0 and y = 0.5, respectively) 
of the relative reflectivity magnitude y and relative phase difference of = 0 as given by 

Equation (29). Under these conditions, the normalized intensity for both w = ±1 diffracted 
orders are identical (i.e., each curve 3513, 3515 is a superposition of the positive and negative 
orders), with minima fixed for both orders at Sx = 0.5, but the modulation, defined as 
/max -/min ^ ^^creascs with decreasing y. FIG. 35C shows plots 3517, 3519 of the 

^max 'T'^mm 

normalized intensity of the n = +1 and n = -1 diffracted orders, respectively, at y = 1, ^ = tt/S. 
The n = +1,-1 intensity curves 3517, 3519 respectively, are now spatially separated such 
that their average is equivalent to the case of = 0, y = 1 as curve 3513 shown in FIG. 35B, 
and the minima are offset in opposite directions relative to the nominal value of Dx/P = 1/2, 
corresponding to Sx = 0. Alternatively, the intensity curves 3517, 3519 for the n = ±1 orders 
for the case of nonzero (p can be differenced, and that difference function will have a zero 
crossing at the location of zero overlay error. Note, however, from Equation (29) that this 
method becomes ineffective as ^ approaches zero or any multiple of For arbitrary values 
of therefore, the overlay error is best determined by the average phase shift of the intensity 
variation in the positive and negative diffracted orders, as described in detail below. 
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FIG. 36 illustrates one embodiment of a diffractometry target 3600 suitable for use 
with the diffractometry system 40 (see FIG. 34) in accordance with the present invention, 
useful for measuring overlay. The measurable overlay target 3600 includes a pair of 
elements 3610 and 3620, oppositely-tilted at an angle each repeated at period P (i.e., along 
the x~direction which is the direction of primary periodicity of the target pattern). The 
relative distance Dxiy) between each pair of elements 3610 and 3620, varies linearly over the 
dimension H in the y-direction. The relative tilt of each element pair is designed so that 
Dx(y)/P = 0.5 at y = JT/2, which is hereafter referred to as yo, along the y-direction. Thus, the 
designed distance is given by: 

Dx(>') = (y-yo)tanC + ^ (31) 
and the printed distance in the presence of an overlay error Sx can be expressed as: 

D;c(y) = (y-ym)tanC + -f = (y-yo)tanC + f-+i^fi;c (32) 

P 

where ym is the shifted location of the position corresponding to Z>;c = ^^^^ 
the CD target the number of periods iV making up the overlay target 3600 should be 
approximately 10 or greater. 

Assuming monochromatic illumination at wavelength >l^-, the image of the n = +1 first 
order diffraction for the grating overlay target 3600 of FIG. 36 is illustrated in FIGs. 
37(A)-(D) using a diffractometry system 40 having y-direction magnification M, such that 
Hi = MH. FIG. 37A and 37B illustrate the intensity 3701, 3702 of the +1 and -1 diffracted 
orders, respectively, plotted on a plan view of detector 460 due to illumination from 
orientations as illustrated in FIGs. 34A and FIG. 34B, respectively, where the relative phase ^ 
of B process pattern is zero. The corresponding intensities averaged (or summed) over the 
-direction are indicated in the plots 371 1, 3712, respectively. For the case where ^^0,the +1 
and -1 diffracted order intensities 3703, 3704, are plotted on plan views of the detector 460 in 
FIGs. 37C and 37D, and the corresponding x'-direction averaged or summed intensities are 
shown in plots 3713, 3714, respectively. Since diffraction only occurs within the patterned 
area of the target, the detected intensity is zero outside the region Hi x LiiXk). Within the 
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Hi xLiUk) region of the detector 460 plane, extending from y\ to 72 illustrated in plots 
371 1, 3712, 3713 and 3714, the intensity is uniform in the -direction, but varies according 
to Equation (29) and as illustrated in FIGs. 35B and 35C in the y'-direction. When ^ = 0 the 

n = ±1 orders are identical and the minimum intensity occurs where Dxiy^) = "2"* 
consequently, a nonzero overlay error Sx will cause a shift in the location of the minimum 
intensity of both positive and negative orders n = ±1, in the same direction relative to the 

nominally designed location of the minimum at yo = — 2 — ^^^^ V^^^^ 3111 and 3712 of 
FIGs. 37A and 37B) defined by the fixed Hi perimeter. In general, the overlay error is 

expressed as: 

e. = ^(y'.-y'o) (33) 
where, in the case of ^ = 0, yv ~ '^"^2'^^^ ~ -^"^ 

When ^ ^ 0, however, the minima (yLv,y+v) and maxima (yLp,y+p) of the n = ±1 orders shift 

symmetrically about the Dxiy') = ^ location (see plots 3713 and 3714 of FIGs. 37C and 
37D); consequently, the overlay error Sx is only directly related to the minima and maxima 
locations averaged over the positive and negative diffracted orders. 

e. = -^(y;-y{>) = -^U->'0 (34) 

The most general approach to determining the overlay error using non-zero diffracted 
orders fits the variation of the diffracted intensities to the functional dependence of Equation 
(29). At a fixed wavelength Xk the unknown amplitudes Kk, Jk. phase and overlay error Ex 
may be determined by a curve fitting method, such as a least-squares fit, of the sum of the 
measured positive and negative diffracted order intensities to the known dependence in the 
direction perpendiculai' to the target period (the y' -direction) of Equation (29): 

/+„(/ ) + /^„(yO - 2|i^J ^ { 1 + + nkos 0+„(y' ) + cos 0-„(y' )] } = ;^ (35a) 

where: 
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<!>_„(/) = + (35b) 

and "X^ is the residual to be minimized using 7, 4> and as free parameters. FIG. 38 A 
illustrates plan view plots of positive first-order intensities 3801, 3802, 3803 for 
multi- wavelength illumination for wavelengths >lo + AA, Xk, - AA, respectively, on the plane 
of the detector 460. A least-squares fit of the measurements of the y' -dependence of the 
diffracted intensity in the positive orders can be performed at each location x\Xk) on the 
detector array 460, as illustrated in FIG. 38B. The corresponding negative first-order 
intensities 3806, 3805, 3804 are illustrated in plan view on the detector array 460, and FIG. 
38D illustrates a least-squares fit for the negative order. A similar analysis can be performed 
for broadband illumination. While the overlay error is independent of wavelength, the use of 
multi-wavelength or broadband illumination enables the collective use of only those 
wavelengths for which yu > y threshold is greater than a predetermined threshold close to unity, 
to ensure measurement precision. Allowed values of y threshold will be dependent on the 
relative widths of the target elements and their reflectivities in the illumination wavelength 
range, as dictated by Equation (30b). The measured overlay error is the average of the 
wavelength-specific overlay errors SxiXu) determined at the different detector locations 
x\Xk). The standard deviation of the wavelength-specific overlay errors can be computed, 
which provides an in situ monitor of measurement precision. 

As in the case of CD measurement, another embodiment of an overlay target 3900, 
printed on the wafer, according to the invention, is designed to comprise "hourglass" or 
"barrel" target elements 3901, 3902, consisting of two counter-tilted sections 391 1 for an A 
lithographic process, and 3912 corresponding to B process conditions, organized in two 
subregions 3910, 3920 separated by a nominal pitch Go as shown in FIG. 39, overlain on the 
printed target 3900. The use of the two subregions 3910, 3920 doubles the measurement 
sensitivity while the predetermined pitch elinainates the need to determine the center location 
yoi^yoi the detector 460 (corresponding to the locations yim^yim in the plane of the target 
3900 indicated in FIG. 39) of the elements 391 1, 3912, respectively. The least-squares fit of 
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Equation (35a) determines the distance between the shifted positions corresponding to 

I), = f; namely G = ^^i^^^^. 1 
then determines the overlay error: 



Dx = 2 » ^^^®ly ^ = M ^ '^'^^^ measured distance relative to the known period Go 



^ (Go -G) tan C 

The discrete differential grating target 4000 shown in FIG. 40 provides an alternative 
means of overlay measurement based on the same inventive differential diffractometry 
principal. The grating 4000 is divided into three or more subregions, e.g.. Region 0 (4010), 
Region 1 (4011), Region 2 (4012), where within each subregionelements 4001 of the A 
process having width Wk, spaced at pitch P, have the same location along the x-direction (the 
direction of primary periodicity), but the B process elements 4002 having width Wb, which 
also are spaced at pitch P, but are located at nominally differing placements relative to the A 
elements 4001 in different subregions. The elements of each subregion have a nominal length 
H in the y-direction. In one of the subregions, designated as Region 0 (4010) the B elements 
4002 have a nominal fixed offset Dx = 0.5P relative to the A elements. In adjacent 
subregions (e.g. Region 1 (4011), Region 2 (4012)), the B elements 4001 have relative offsets 
D 1 , D2, respectively, where Di = Dx - A2.D2 = Dx-^ Ai, where, preferably, A 1 = A2 . Each 
subregion is imaged separately on the detector array 460 of the diffractometry system 40 
having magnification M, in the positive x-direction as in FIG. 34A to capture the positive first 
order, and then in the negative x-direction as in FIG. 34B to capture the negative first order. 
The detected images on the detector array 460 are illustrated in FIGs. 41 A and 4 IB for the 
case of monochromatic illumination where the intensity in each region is roughly constant. 
The n = +1 (positive) images are illustrated in FIG. 41 A for Region 1 (41 1 1% Region 0 
(41 10"**) and Region 2 (41 12-'), and the n = -1 (negative) order images for Region 1 (411 T), 
Region 0 (41 10') and Region 2 (41 12") are illustrated in FIG. 41B. As discussed above, the 
size of the image for each region is HixLj , where Hi = MH and Li = MHP. The positive 
and negative images are preferably imaged sequentially by switching the direction of the 
illumination after all regions of the differential target 4000 for a given order are imaged. 
Each image may be stored for subsequent analysis. Many variations on the imaging sequence 
are possible, including, but not limited to, imaging multiple targets printed in different 
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orientations that are simultaneously illuminated from multiple directions parallel to the target 
periods, or by sequentially repositioning the wafer in order to obtain alternative imaging 
orientations. For each diffracted order, the configuration of the separate target regions (e.g. 
401 1, 4010, 4012) are imaged on corresponding regions of the detector array 460 (e.g. image 
intensities /0+i,71+i, /2+i in regions 41 10"**, 41 1 1+, 41 12"** respectively for the +1 order, and 
image intensities /0_i,/l-i,/2-i in regions 4110% 4111% 4112" respectively for the -1 order). 

From Equation (29) the response of the six intensities lO+i Jl+u I2+i , /O-i , 71 -i , /2-i 
to overlay error Sx along the direction of primary periodicity, e.g. the x-direction, is plotted in 
FIGs. 42A-42C for the case of the overlay target 4000 in FIG. 40, for three representative 
values of the relative phase ^ (i.e. ^ = 0, tt/S, and 7t/4, respectively) at y = 1. The intensity is 
plotted only over the allowed dynamic range, which is the range of overlay error Sx over 
which the separate A and B process patterns of the overlay target 4000 of FIG. 40 do not 
overlap. For example, in the case of the target 4000 in FIG. 40, the dynamic range is 

approximately + "'^i — < < 4 " ~2 — ^^^^^^ which the response of relative 
intensities to changes in overlay error will be linear. Outside of the allowable dynamic range, 

the response of intensity to overlay error is likely to be non-linear. The target element widths 

Wa, Wb are preferably chosen to be sufficiently large so that proximity effects will not be 

significant, and so that the printed widths are essentially as designed. Preferably, Wa, Wb are 

nominally equal, and chosen to be a fixed fraction of the period, preferably Wa and Wb are 

about 0.2P. The response to overlay error ex for the six intensities (i.e., the +1 and -1 

diffracted orders for the three overlay target subregions 4010, 401 1, 4012) each varies 

uniquely as a function of the normalized relative phase ^. It is possible to classify the 

response curves of the six intensities according to the printed target's relative phase regime. 

For example, FIG. 42A illustrates the intensity responses for ^ = 0. Here, for each target 

subregion 4010, 4011, 4012, the positive and negative diffracted orders are superimposed on 

each other, as illustrated by intensity curves 4210, 421 1, 4212, respectively. However, when 

(J) = 7c/8, each of the six intensity response curves, /O+i , /I +i , /2+i , /O-i , 71 -i , 72-i , 4220"^, 

4220% 422 1-*-, 4221% 4222-**, 4222% respectively, are different as illustrated in FIG. 42B. On 

the other hand, in the case of ^ = 7c/4, the 71 +i (4232) and 72+i (4233) responses are each 

distinct, but the 70-i , 71 -i and 70+i , 72_i are superimposed in curves 4230 and 423 1 , 

respectively, as illustrated in FIG. 42C. Accordingly, the present invention uses the relative 
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responses of the intensities in order to extract relative phase ^ and relative magnitude y, as 
described in more detail below. 

The ratio of the intensities detected at a single wavelength are described by the sets of 
equations: 



,i„L.r (37b) 





1 + cos y/-^ 








l+cos(v/+) 


71-1 


1 +/?cos(^^^~+5) 


70-1 - 


1 + cos y/" 


72-1 


1 -f pcosCy/"'-^?) 



(37a) 



''i = /0-i~ 1+cosv^- ^^^^^ 
- -^2-1 l+/?cos(v/--^) 



where we have defined the parameters: 

y 27rA 



+ (37e). 

, 27zDx , , 

p — ^ 



Rearranging Equations 37a-37e, the general solutions for the three unknowns y/"^, y/~ and p 
are derived: 

y/'^ — arccos (~p~) (38a) 
y/~ = arccos (38b) 



^= U^^ tC*«;g)'' (380 



where: 
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ascos<5 
K ~ 2 

^i^M^Ii) (38d). 

p 

Of particular interest to differential overlay naetrology is the case where preferably A = so 
that a = 0 and Equations (38a)-(38c) simplify to: 

y/"^ = arccos ("^) (39a) 

xi/~ — arccos (~p~] (39b) 

^=7(7*)2 + (C±)' (39c) 

where: 

2^-^-1 (39d) 

For the sake of brevity, we will restrict our attention to the A = PI A case, but a similar analysis 
may be easily applied to cases of other values of A. 

Equations (25) and (37)-(39d) can now be solved for the unknowns overlay error Ex, 
relative magnitude y, and relative phase (f> in terms of the measureable intensities 
(/0±un±i,/2±0: 

+ (40) 

^^{yj^^y/') (41) 

7=l±/r^ (42) 

The arccosine functions in the definitions of {j/"^, y/^ in Equations (38a) and (38b) introduce 
an ambiguity in the solutions, which can be resolved by constraining the solutions in 
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accordance with the physical characteristics of overlay error and relative phase. The 

application of Equations (39a)-(39d), which are expressed in terms of measured intensity 

ratios, to deterinining the correct (i.e., physically meaningful) overlay error Sx and phase ^ 

requires that transformations are applied to (i^"^, if/~') that are consistent with the different 

p 

possible phase regimes within (-tt <(^<7i) when A = This is accomplished by 
constraining <p of Equation (41) to be constant, since the relative phase should not change as a 
function of overlay error. In addition, the overlay error Sx of Equation (40) is preferably 
constrained to be linear with a slope of one over the allowed dynamic range, that is, variations 
in printed Dx preferably result in a fixed, proportional change in the value of €x> 

The necessary transformations to (y/^, y/^) are shown in the flowcharts of FIGs. 43-45 
where we have defined the parameters: 



(43) 



The flowcharts illustrated in FIGs. 43-45 describe logical trees in which the various 
parameters of Equations 43, all of which are derived from measured intensities, are tested and 
compared to zero to determine whether the values of i//'^ and i,«^*"should be adjusted (or 
transformed). 

Referring to FIG. 43, first the parameter AC is tested (Block 4301). If AC = 0, this 
leads to the first "degenerate" case when ^ = Oorn (Block 4302), and the two diffracted 
n = ±1 orders are identical. Next, the sign of the parameter Ay/ is tested (Block 4303). If 
Ay/>Q (Block 4304), then the relative phase (p is set equal to 0 (Block 4305), and the sign of 
the parameter C is tested (Block 4306). If C > 0 (Block 4307), then no transformation of y/'^ 
or y/^ is required (Block 4308). If C < 0 (Block 4309), then y/^ is transformed to 7C+ 1^"^ and 
y/- is transformed to tc - as in Block 43 10. If A(// < 0 (Block 43 1 1), the ^ is set equal to n 
(Block 43 12), and C is tested (Block 43 13). If C > 0 (Block 4314), then y/^ is transformed to 
7t + y/^, and no transformation of y/" is performed (Block 4315). If C < 0 (Block 4316), then 
the sign of y/" is reversed, and y/^ is transformed ion-y/'' (Block 4317). For the cases 
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where AC ^ 0 (Block 4318), a branch (Block 4400) is taken to determine if/"^ as shown in FIG. 
44 and in addition, a branch (Block 4500) to determine y/" as shown in FIG. 45. 

Referring to FIG. 44, for the y/"" branch (Block 4400) when AC ^ 0, first the sign of 
C"*- is tested (Block 4401). If C** > 0 (Block 4402), then Aris tested (Block 4403). If Ar< 0 
(Block 4404), then no transformation of yj-^ is required (Block 4405). If AT > 0 (Block 
4406), then AC is tested (Block 4407). If AC > 0 (Block 4408), then no transformation of Xf/'' 
is required (Block 4405). If AC < 0 (Block 4409), then i//^ is transformed ion + y/^ (Block 
4410). Similarly, if C+ < 0 (Block 441 1), then the signs of AT (Block 4412) and AC (Block 
4416) are sequentially tested to determine the appropriate transformation of y/"^ (Block 4414 
or Block 4419). Likewise, to determine the appropriate transformation for y/'' for the case 
when AC ^ 0 (in Blocks 4505, 4510, 4514 and 4519), the logic illustrated in FIG. 45 is 
followed, beginning with Block 4500. Having transformed y/^ and y/^ by this logic. 
Equations (39a)-(39d) enable determination of the exact values of expand (j) from the 
measurement of the six n = ± 1 order intensities /O+i , /I +i , /2+i , /0»i , /I -i , /2-i (as in FIG. 41) 
detected from an inventive overlay target, such as 4000 of FIG. 40. The resulting response Sc 
calculated from Equation (40), after transforming y/^'.y/'^, to any input value of overlay error 
Ein is linear, with unity slope and zero intercept, regardless of the values of y and (j> within the 
allowed dynamic range for the case of A = PI A, as shown in FIG. 46A. To generate this plot, 
values of 0.1 < y < 1 were chosen in increments of 0.1, and -tc < ^ ^ tc at increments of tt/IOO 
. As in the case of the continuously varying target of FIG. 36, the use of multi-wavelength or 
broadband illumination enables sampling the intensities at different locations xiXk) to 
maximize y. 

The sensitivity of overlay error Ex to measured changes in the difference //and sum k 
of the relative intensity ratios defined in Equation (38d) is given by: 



From Equations (39) we obtain: 
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(45a) 



drj 47r (. drj* drj- J 



Substitution in Equations (38a)-(38d) gives: 



(46a) 



where the values of y/'^, y/'^ in computing Equation (44) must be subjected to the same 
transformations as Equations (39a)-(39d). 

As shown in FIG. 46B for the case y ~ 0.8 and ^ = 0, a desireable characteristic of the 

de 

inventive differential overlay metrology is that crosses zero at ax = 0. This guarantees 
that the inventive target design and measurement technique will have high sensitivity to 

overlay error in the vicinity of ex = 0. The dependence of on ex is a function of the 
relative amplitude y and phase ^ of the two pattern levels A and B that define the overlay 

target. Since [^"g^J doesn*t cross zero, it will not contribute as strongly as to sensitivity. 

The measurement of overlay error requires detection of w = ±1 order intensities for at 
least two orientations to determine ex, ey, the vector components of overlay error. Thus, the 
inventive diffractometry apparatus preferably includes the ability to direct illumination and 
collect n = ±1 diffracted orders in at least two orientations corresponding to two orientations 
of the targets such as those illustrated in FIG.s 39 and 40. FIGs. 47 A and 47B illustrate 
schematic views of an embodiment of the inventive diffractometry apparatus 340 that enables 
the rapid acquisition of the necessary intensity data, using a conraion illumination source 410 
(e,g. having a bandwidth of A ± A/l as previously discussed), an optional color filter 412, 
illumination optics 413, optional polarizer 314 and common diffracted order detector 460 
(e.g. a first CCD array). A rotatable mirror 398 directs illumination, initially along the 
direction 310, sequentially to mirrors (e.g. 301, 302) that direct the illumination along the 
path 321 to the diffractometry target 455 on substrate 450, the target 455 characterized by a 
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periodicity P oriented along the x-direction. The rotatable noirror 398 is capable of being 
rotated to provide illumination of the target 455 fronn different orientations. Thus, for 
example, in FIG. 47 A, the rotatable ndrror 398 is to direct illumination along the positive 
x-direction, by means such as re-direction mirrors 301, 302, so as to collect the +1 diffracted 
order 441. By re-orienting the rotatable mirror 398 by 180 degrees, the illumination is 
directed initially along the 320 direction, towards means such as re-direction mirrors 304, 
303, along the path 33 1, so as to illuminate the target 455 from the negative x-direction, thus 
collecting the -1 diffracted order 441\ as illustrated in FIG. 30B. The detection optics 430 
and, optionally, the detector CCDl 460 itself are rotated in sychrony with the rotating mirror 
398 to maintain a fixed relationship between the anisotropic (different in x-y) imaging 
capability of the optics 430 and the plane of illumination. Additional re-direction mirrors 
(not shown) may be provided along the y-direction, so as to obtain measurements of overlay 
in the y-direction as well. Optionally, the substrate 450 may be supported and/or secured on a 
rotatable platform 380, which can be used to orient the substrate 450 so as to allow 
illumination from different directions. A polarizer 314 is optionally provided that rotates 
with the mirror 398 to provide the polarization corresponding to optimum first order 
diffraction efficiency. The preferred embodiment is to direct illumination to four distinct 
orientations located on orthogonal axes. For target gratings with elements orthogonal to the 
direction of incidence, the first order diffraction is magnified and imaged on the detector 
CCDl 460 in the direction perpendicular to the grating period and linearly dispersed in 
wavelength in the direction parallel to the grating period. Optionally, a second detector array 
(such as CCD2) 480 may be provided, which collects zero order energy 440 directed through 
dispersive element 435 through second optics 436. Additionally, a third detector array 485, 
such as CCD3 may be provided which collects zero order energy reflected off dispersive 
element 435 (not diffracted) directed through third optics 486 to obtain additional 
measurements as described furtiier below. 

Many target configurations are applicable to the metrology apparatus of FIG. 47. CD 
and overlay targets of the primary types described above can be grouped together on single 
and multiple process layers to fomi simultaneously illuminated target "clusters'' tailored to 
specific production and process characterization applications. One such cluster described 
above is the through-pitch target shown in FIG. 30. In creating target clusters, the imaging in 
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tbe direction perpendicular to the primary target periods and the plane of illumination ensures 
that adjacent gratings in the imaging direction will not interfere with one another. Thus, 
clusters can be comprised of a large number (limited only by the detection field of view) of 
primary targets at a single orientation, stacked in the direction perpendicular to the plane of 
illumination. The wavelength dispersive elongation of the diffracted intensity of primary 
targets with periods parallel to the plane of illumination, however, requires that primary 
targets at the same orientation cannot be placed adjacent to one another in the plane of 
illumination. Isolation of targets stacked in the plane of illumination is achieved by changing 
their orientation. The best isolation between primary targets in the plane of illumination is 
achieved when the orientations of the simultaneously illuminated primary targets are 
respectively parallel and perpendicular to the plane of illunaination. A useful cluster 
configuration that enables the simultaneous measurement of overlay, CD and film thickness 
is shown in FIG. 48. The embodiment of the inventive differential overlay target 4800, as 
shown in FIG. 48, may have two overlay gratings 4810, 4830 at levels B and A (i.e., grating 
elements printed using process B are interleaved with those printed previously using process 
A), each similar to grating 3900 of FIG. 39 having diadic grating subregions, where an 
x-oriented grating 4810 has a x-direction pitch Pou and a y-oriented grating 4830 has a 
y-direction pitch PoLy hi most cases Polx = PoLy = Pol* The same target 4800 is also 
designed to combine B-level CD gratings 4820, 4840, each similar in design to any of those 
shown in FIGs. 6, 8, 9, 17, 23, 25, 26, or 28-30, having pitches PcDx.Pcoy, respectively, 
where in most case Pcdx = Pcoy = Pcd = Pol — P- 

The sequential images 4901, 4902, 4903, 4904 on the plane of detector 460 (CCDl) 
will appear as shown in FIG. 49B„ depending on the orientation of the rotatable nndrror 398, 
as an example, assuming rotation of the mirror in the clockwise direction 322 sequentially to 
locked positions 1, 2, 3 and 4, as indicated in FIG. 49 A, to allow formation of each image 
4901, 4902, 4903, 4904, respectively. Overlay image processing consists of storing the 
intensities of each grating region at each orientation and diffracted order, and applying 
Equations (35a)-(36) to solve for overlay error in each diadic overlay grating region 4810, 
4830. 

The embodiment of the differential CD and overlay apparatus 340 illustrated in FIG. 
49 may also be equipped to perform conventional spectroscopic scatterometry and film 
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thickness metrology. By making the rotatable mirror 398 reflective on both sides, the 
reflected zero order 440 can be directed through a wavelength dispersive element 435 through 
second optics 436 to a second CCD detector 480 (i.e. CCD2) at each orientation. In the 
presence of either conventional or differential grating targets, the zero order spectrum can be 
analyzed by conventional scatterometry techniques to determine various characteristics of the 
pattern (CD, sidewall angle, etc.) and underlying films. As noted earlier, the zero-order 
intensity spectra of the unpattemed target regions, shown in the image 4905 on a plan view of 
CCD2 array 480, as illustrated in FIG. 49, can be used for film thickness measurement. The 
CCD2 image 4905 is shown as an oval shape because it is the zero-order intensity of the 
roughly circular illumination 410 imaged in the direction perpendicular to the period of the 
transmission grating 435 and elongated in the wavelength dispersive direction parallel to the 
transmission grating period. The overall target image may be captured by a third detector 
array 485 (i.e., CCD3), configured with optics 486 to collect zero order energy 4906, can be 
used for target pattem recognition and wafer alignment, or other measurements for which the 
grating elements of a target need not be resolved. The inventive apparatus 340, configured in 
the manner of FIG. 47, provides the capability to conduct CD, overlay and film thickness 
measurements simultaneously at a single target location results in an approximate tripling of 
the measurement speed for production applications where all three measurements are 
required. Although CD and film thickness do not require measurement of the both the 
positive and negative diffracted orders, the positive and negative diffracted order results can 
be averaged and differenced to improve and monitor measurement precision. In some 
applications, therefore, it may be preferable to conduct CD and film thickness metrology 
separately from overlay. In any event, the inventive differential diffractometry apparatus and 
method enables wide flexiblity in cluster target layout to optimize measurement throughput 
and capability. 

In the absence of any target pattem on the wafer 450, as shown in FIG. 50, the 
embodiment of the inventive apparatus 340 may be used for conventional spectroscopic film 
thickness measurement, where the zero order spectram 5001 collected at second detector 480 
(FIG. 50C) and pre-determined film properties (the real and imaginary components of the 
film index of refraction at the measurement wavelengths) are used to determine the film 
thicknesses in the unpattemed film stack 451, as known in the art. In the absence of a target 
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grating, there is no non-zero diffracted order to be collected at the first detector position 460, 
as illustrated in FIG. 50B, Optionally, the apparatus 340 may be configured with viewing 
optics 486 and viewing detector CCD3 485 may be provided to allow real-time viewing and 
alignment (e.g. via alignment marks 5002) necessary to position the illumination with respect 
to the target locations on the substrate. As shown, the light forming the image on detector 
485 is specular reflection from the transmission grating surface. Alternatively, a beam splitter 
(not shown) placed in the path 371 of the zero order beam could direct light to the imaging 
system. 

Li a preferred embodiment of the diffractometry apparatus 340 (of FIG. 47) as 
illustrated in FIG. 51, adjustable mirrors 302, 303 are provided to ensure that the direction of 
the first order diffracted rays 441, 441' (depending on whether the illunaination rays are from 
the positive 321 or negative 331 x-direction respectively), will be substantially normal to the 
substrate surface 475 so as to direct the diffracted orders to the first detector array 460. As 
the center wavelength Xo and or the primary pitch P of the target 455 is changed in the 
apparatus 340 shown in FIG. 47, the angle 0 between the incident ray 321, 331 and the 
first-order diffracted ray 441, 441* will change according to Equation (1). To maintain a fixed 
first-order diffraction direction 0, so that the first detector array 460 may be positioned at a 
direction normal to the substrate surface 475, therefore, preferably both the height h and tilt 
angle ^ (relative to the vertical, or z-direction) of the lower mirrors 302, 303 of the apparatus 
340 are adjusted as dictated by the geometric relationship illustrated in the detail of the 
apparatus 340 illustrated in FIG. 51, where: 

^ ~ 2 (47), 
h==rQ cot 0 

where ro is the horizontal distance of the lower mirrors 302, 303 from the preferably central 
horizontal location of the first detector array 460. As in FIG. 4C, the angle Ad represents the 
wavelength dispersion of the illuminated target. Note that many embodiments of the 
inventive apparatus 340 that provide similar functionality are possible. These embodiments 
include, but are not necessarily limited to, the use of multiple fixed beams instead of a 
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rotating mirror, different means of directing a single beam such as a dithered mirror, 
adjustible fiber optic channels to direct the beams appropriately, rotating the substrate about 
the target center instead of the illumination and detection optics. 

FIG. 52 illustrates a flowchart summarizing an embodiment of the inventive target 
design process. The process starts (Block 5200) wherein a target design pattern is provided, 
having critical pattem dimensions to be printed (e.g., the minimum circuit feature size Wo and 
pitch po in the case of semiconductor manufacturing). Given a selected illumination center 
wavelength Ao and bandwidth +A/1, and a relatively low NAx.NAy for the anisotropic 
diffractometry collection and imaging objective 413 (see FIG. 4A), the overall dimensions of 
the inventive grating target 455 are determined so as to ensure that the first-order diffraction 
is detectable independent of all other diffracted orders (Block 5210). For example, the height 
H (orthogonal to the direction of the primary period P) of a grating region (or subregion) is 

preferably greater than about ^"^^^J* where the numerical aperture NAy in the imaging 
direction is preferably between about 0.05 and 0.5, and is preferrably about 0.2 as a 
compromise among depth of focus, target size, and image acuity. The primary period P of the 

grating is preferably 1<P < ^ , where the numerical aperture NAx > ^^j^"^ required to 
collect the full spectrum implies the condition 2 > |n|A/l. For n = ±1 and 1 = 2A/1, NAx — 0.5 

is preferred. The number of repeating elements is preferably about 10 or greater. Further 
details of the target design depend on whether the application is for CD or for overlay 
metrology (Block 5225). For a CD target, the element dimensions are based primarily on the 
target feature critical dimension Wo (Block 5240). For example, in the design of a CD target 
1701 as illustrated in FIG. 17, there are two grating subregions 1731, 1732, within which the 
elements 1711, 1712 have nominal width Wdi,Wd2y respectively. Here, Wdi =Wo-hA, and 
Wd2 = Wo - A, where preferably, the difference A between subgrating target widths Wdi^Wdi 
is preferably chosen so that 0.01 Wo :^ A < 0.25 Wo, and preferably about 0.1 Wo. To enhance 
sensitivity to dose and defocus , the grating elements (e.g., the target 2500 as in FIG. 25) may 
be delineated by sub-elements having period pf oriented along a direction orthogonal to the 
direction of the primary pitch P, wherein po < /?/ « P. For gratings using subresolution assist 
features (SRAFs), such as the target grating 2600 of FIGs. 26 A and 26B, the SRAF spacing 

X 

PSRAF is preferably constrained to be less than 77- — where the parameters Xe,cfe,NAe 
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refer to the wavelength, coherence, and numerical aperture of the exposure tool, respectively. 
The subresolution pitch psraf for the dose target 2600 of FIG. 26 must be below the 
resolution of the exposure tool. 

If the target type is for overlay measurement (Block 5230), then the design paramters 
are less dependent on the critical dimensions of the design, but are constrained by factors 
such as the resolution of the diffractometry system, i.e. X,NAy^ or available real estate on the 
chip. Thus, the dimensions of the overlay target will depend on the primary pitch P, and for 
an overlay target 4000 as illustrated in FIG. 40, for example, the nominal spacing between A 
process elements and B process elements Z)o (i.e., Dx in the horizontal direction or Dy in the 
vertical direction) is preferably Dq = 0.5P, and Di = i)o + A, and Dz^Dq- A, where A is 
preferably between about 0.0 IP and 0.25P. The widths Wa, Wb of individual elements of the 
overlay target are preferably Wo < Wa^ < 0.25P. 

The inventive apparatus (for example, as illustrated in FIGs. 34, 47, 50, 51) may be 
used to perform multiple measurements of multiple metrology sites on a wafer, as 
summarized in the flowcharts illustrated in FIGs. 53-55. One example of such an application 
is as a metrology module 200 on a track tool or etch tool as illustrated in FIG. 3, but the 
inventive integrated metrology tool 200 could also be used in off-line applications 35. 
Referring to FIG. 53, a substrate, having multiple metrology sites, is loaded and aligned into 
the tool (Block 5300). The number and type of metrology sites for the wafer may be provided 
as input to the tool. Altematively, intentional differences between targets (offsets in the 
target periods, for example) could enable the metrology tool to recognize the target type on 
the fly. A check is first performed to determine whether the wafer has patterns (Block 5310). 
Typically, if the wafer is patterned, all the patterns on the wafer will be aligned in a similar, 
global, manner, and therefore the wafer is typically aligned, by appropriate translation and 
rotation (Block 5320). This can be performed, for example, by use of the viewing detector 
485 (e.g. CCD3) such as illustrated in FIG. 47. If the wafer is not patterned, the alignment 
step may be skipped 5312. Next, the wafer is then positioned so that the first site to be 
measured can be illuminated (Block 5330). The type of target site then determines which 
analysis path is to be taken (Block 5340). If there is no site pattern (5346), then only 
zero-order measurements are taken (path 5346). If the site is patterned, then non-zero order 
measurements can be taken by following the path 5348 to Blocks 5350 or 5360, or, 
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alternatively, zero-order measurements can be taken by following the path 5347. Zero-order 
measurement and analysis can be performed using either an inventive diffractometry target or 
a conventional scatterometry target (Block 5345), as described in more detail with reference 
to FIG. 54. If the site contains a CD diffractometry target, in accordance with the present 
invention, then the CD analysis path (Block 5350) is followed, or if the site contains an 
inventive overlay diffractometry target, then the overlay analysis path (Block 5360) is 
followed, as described in more detail with reference to FIGs. 55 A and 55B, respectively. The 
analysis can be continued using the same tool for all selected metrology sites (Block 5390), 
and when all sites have been measured, the wafer may be unloaded (Block 5399) or continue 
processing along the track or etch tool. 

Referring to FIG. 54, if a zero-order measurement is appropriate for the selected 
metrology site (Block 5345), then, either a conventional film thickness measurement or 
scatterometry may be performed, depending on whether a target is present (Block 5400). La 
both cases, film properties 5403 are provided for the analysis of reflected zero-order 
measxirements that have been obtained (Block 5405). If there is no target, then the zero-order 
intensity measurements are analyzed (Block 5401) with respect to provided film properties 
5403, to determine film thickness (5406) by comparison to parameterized spectral responses 
(Block 5402) using methods known in the art. If the target site contains a conventional 
scatterometry target, then the zero-order intensities may be analyzed (Block 5407) in 
accordance with a library of calibrated signals and/or parameterized RCWA (Rigorous 
Coupled Wave Analysis) (Block 5404) and determination of CD, profile and film thickness 
may be obtained (Block 5408). If there are additional sites to be measured, the wafer can 
continue to be processed by the inventive tool (Block 5390). 

If the site contains an inventive CD diffractometry target, then the Blocks 5350 to 
5370 can be taken, as illustrated in FIG. 53, and Block 5370 is described in more detail in 
FIG. 55A. Referring to FIG. 55A, first order diffracted intensity measurements are obtained 
(Block 5501). The contrast between target subregion intensities is obtained (Block 5510), for 
example, from Region 1 (1731) and 2 (1732) of FIG. 17, averaged or summed along the x' 
-direction, i.e. liy') as in FIG. 18C, and may be analyzed to determine average CD. The 
modeled CD response of the target to changes in contrast is provided (Block 5512), for 
example, in accordance with Equation 15 for a target having a continuously varying 
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characteristic dimension along- the y-direction (as in tapered element target 60 of FIG. 6) or 
Equations 20a and 20b for a target having a characteristic dimension that varies discretely 
along the y-direction (as in multi-subregion target 1701 of FIG. 17). The measured contrasts 
are input to the modeled response (Block 5513) to obtain CD (Block 5514). If the target site 
contains subregions that are sensitive to process conditions, such as dose and defocus, or etch 
rate and isotropy, then process conditions (Block 5517) can be obtained from the resulting 
average CD measurements (Block 5516) by using model of tibe relationship between process 
conditions and CD variations (Block 5515), for example, by the method of Ausschnitt 
described in U.S. Patent 5,965,309. 

Alternatively, process conditions, such as dose and defocus measurements may be 
obtained by analysis of the intensities as a function of wavelength, i.e. /(x'), sunnned or 
averaged along the y'-direction (Block 5520). A signal library (5522) may be provided 
experimentally, for example by using a focus-exposure matrix (FEM), or by simulation. The 
signal library can be compared and matched to the intensity spectrum (Block 5523) to derive 
process conditions such as dose and defocus or etch rate and isotropy (Block 5527). Since the 
intensity response of printed features is dependent on both CD as well as characteristics such 
as sidewall profile, the CD values obtained from the contrast measurements (Block 5514) can 
be input into the results of the process response signal analysis (5524) to derive a profile 
measurement (Block 5521). Metrology according to the invention can continue for additional 
sites on the wafer (5390). 

It is also important to note that the non-zero order intensity spectra measurable with 
the inventive apparatus are sensitive to all profile characteristics of the target grating elements 
— e.g., sidewall angle, resist loss, footing, etc. - and insensitive to the underlying film stack. 
Simulated or empirical process matrix signal-libraries can be used both to determine these 
profile details and pinpoint the process conditions corresponding to the measured specta. 
The inventive differential diffractometry approach has a three-fold advantage over 
conventional scatterometry: 

1. Increased sensitivity to profile changes, as evidenced by the dose and focus 
sensitivity discussed above, and insensitivity to the underlying film stack improves the 
signal-to-noise in determining the profile characteristics. 
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2. Profile measurements can be made relative to the average CD independently 
determined by the inventive differential technique thereby further increasing the 
signal-to-noise (Block 5524 in FIG. 55A). This is shown schematically by the arrow 
5525 that connects CD to the profile determination path in FIG. 55A. 

3. Insensitivity to underlying film stack enables much more efficient simulated or 
empirical library generation by the determination of the spectra variation through a 
focus-exposure matrix at lithography and through a rate-isotropy matrix at etch. This 
establishes a direct relationship between the spectra and process settings for process 
control applications. This is shown schematically by the path 5519 from the spectra 
and signal libraries 5522 to the process settings 5527 in FIG. 55 A. 

Referring to FIG. 55B, for the case of an overlay target (Block 5360), the overlay 
analysis (Block 5380) comprises the following steps. To measure overlay, intensity 
measurements from 4 different orientations are required (Block 5538). The measured 
intensities are compared (Block 5540) to the modeled response of the overlay target (Block 
5539), for example, as described in Equations (35a)-(35b) for a target having continuously 
varying characteristic dimension along the y-direction (such as target 3600 in FIG. 36), or as 
in Equation 40 for an overlay target having a characteristic dimension that varies discretely in 
the y-direction (such as target 2300 illustrated in FIG. 23). In order to ensure the best 
signal-to-noise is available for the analysis, the range of wavelengths may be selected so that 
y > y threshold is selected to be as large as possible (as described in Equation 35 for a target of 
continuously varying characteristic dimension, or Equation 42 for a target of discretely 
varying characteristic dimension). If the target is of the discretely varying type (Block 5543), 
it is necessary to perforai the phase transformation analysis of y/^ (as in FIGs. 43-45) to 
enable selection of a physically meaningful overlay error. Then the overlay error can be 
computed (Block 5545) as an average of the overlay errors determined at the selected 
wavelengths, in accordance with Equation 35 for die continuously varying characteristic 
target dimension or Equation 40 for the case of discretely varying characteristic target 
dimension. If more metrology sites remain, the measurement process can continue (Block 
5390) until all selected sites are processed. 
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The method is suitable for implementation on a computer readable storage medium, 
for execution on a computer system, such as an image processor 490 (FIG. 4A), having a 
central processing unit, input/output (I/O) devices, and storage devices, which are capable of 
executing the instractions to perform the method, and accept data and control the inventive 
apparatus, such as illustrated in FIG. 4A. 

The advantages realized by the above invention relative to current microscopy 
approaches to CD and overlay metrology, and dose and focus control include a simpler and 
more robust metrology apparatus with superior precision and speed. The inventive 
differential overlay and CD metrology approach provides in situ calibration of the 
measurements to the known period of the target using only the relative magnitude of detected 
intensities, thereby eliminating the predominant sources of TIS, WIS and matching errors 
among conventional metrology tools. Furthermore, the invention provides for both 
monitoring and control of dose and focus without the need for the laborious setup procedures 
required by scatterometry for CD or profile metrology. 

It will be appreciated by those skilled in the art that the method and application to 
various layouts in accordance with the present invention is not limited to the embodiments 
discussed above. Accordingly, the invention is intended to encompass all such altematives, 
modifications and variations which fall within the scope and spirit of the invention and the 
following claims. 

Industrial Applicabilitv 

The method of this invention is useful in photolithographic processing of integrated 
circuits and is particularly useful for obtaining wafer design dimension and controlling 
critical dimensions by assuring that the correct exposure and etch conditions are used for each 
wafer processed. 
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